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Abstract 
 
The heterogeneous nuclear ribonucleoproteins (hnRNPs) of the A/B families are nuclear 
RNA-binding proteins that have many cellular activities, including pre-mRNA 
processing, alternative pre-mRNA splicing, mRNA transportation and telomere 
maintenance. Zebrafish (Danio rerio) has been recognized as an alternative vertebrate 
model, and has been widely utilized in developmental studies, but characterization of 
the fish genome is still incomplete. 
I used BLAST and Clustal alignment tools and found that zebrafish and other fish 
species have several vertebrate hnRNP A/Bs orthlogs, but an A2 ortholog was not 
identified. In order to confirm our bioinformatic data, we used a proteomic approach 
and identified zebrafish hnRNP A1, A3, AB and A0 by pull-down, using immobilized 
Telo4 (telomeric d(TTAGGG)4 repeats) on zebrafish embryo homogenates at different 
development stages (15 h-72 h post fertilization). Although specific protein bands in 
zebrafish isolates were not recognized using mammalian hnRNP antibodies by Western 
blotting, I was able to identify these hnRNP A/B proteins by mass spectrometry (MS) 
analysis. 
Significantly, I did not observe hnRNP A2 confirming the bioinformatic data. However, 
I did find two hnRNP A1 sequences encoded by separate genes, which show high 
similarities to the minor human isoform A1b, and detected hnRNP A0s, which share 
some 2nd structural similarities with human A2. To characterize these two zebrafish 
hnRNP A1s, I performed Northern and Southern blotting of both hnRNP A1 mRNA 
 ii 
and whole mount in situ hybridization on different development stage embryos. Both 
zebrafish A1 mRNAs were detected as unclear signals around 1.6 kb by Northern 
blotting whereas the stable expression of both A1 mRNAs were observed through 
young embryos to 3 days larvae by whole mount in situ hybridization. Especially, the 
expression of A1s mRNA was observed constantly during embryogenesis: highly 
expressed at animal pole cells at young stage (4 hpf-8 hpf) and much localized at brain 
and notochord (24 hpf) and central nervous system (CNS) area (48 hpf-72 hpf) although 
there was no clear distinction of expression pattern between both A1s. Furthermore, the 
detection of post-transcriptional modification sites of zebrafish hnRNP A0s, which have 
significant differences from other higher vertebrates and some second structural 
similarities with human A2, allow us to provide the possibilities of existence of 
functional counterparts of A2. The identification of zebrafish hnRNPs A1, A3, A0 and 
type AB will provide insight into their function. 
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Chapter 1. 
Introduction 
  
 
 
2 
Introduction 
 
1.1  The heterogeneous nuclear ribonucleoprotein (hnRNP) family 
 
The heterogeneous nuclear ribonucleoproteins (hnRNPs) are nuclear RNA-binding 
proteins and among the most abundant proteins in the nuclei of eukaryotic cells. These 
proteins have been identified as having many cellular activities, such as pre-mRNA 
processing, alternative pre-mRNA splicing, transportation of mRNA between the 
nucleus and cytoplasm (Krecic and Swanson, 1999), regulation of mRNA translation 
and stability, and mRNA localization (Dreyfuss et al., 1993, Han et al., 2010b). 
About 20 hnRNP proteins designated A1 to U have been identified in human HeLa cells 
with molecular weights ranging from 34 kDa to 120 kDa (Dreyfuss et al., 1993, Han et 
al., 2010b). Most hnRNP proteins have structural similarity (Fig. 1.1), containing 
multiple RNA-binding domains (RBDs) or other types of RNA-binding domains, such 
as the K-homology domain (KH domain) in hnRNPs K, E1/E2 (Akindahunsi et al., 
2005) and followed by one or more auxiliary C-terminal domains, such as glycine-rich 
domain (Dreyfuss et al., 1993, Krecic and Swanson, 1999). 
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Figure 1.1. Domain structure of human hnRNPs. 
The structures of the members of the hnRNP A/B family are shown. It consists of two N-terminal 
RRMs (RNA recognition motifs), including well-conserved motifs (RNP1 and 2, magenta) and a 
C-terminal GRD (glycine/arginine-rich domain) that contains an RGG (red) box and the M9 
(green) region. 
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1.1.1. The RNP motif 
 
The majority of RBDs are RNA recognition motifs (RRM), contain two highly 
conserved sequences named ribonucleoprotein: RNP1 and RNP2. The RRM motif 
consists of a four-stranded -sheet with two -helixes, 1-1-2-3-2-4 in 
this order (Maris et al., 2005). The RNP1 and RNP2 motifs are located on the central 
antiparallel strands 3 and 1, respectively. The most common 3D structure is 
represented by the two RRMs of the UP1 fragment of hnRNP A1 (Fig. 1.2) (Xu et al., 
1997, Maris et al., 2005). 
 
 
 
Figure 1.2. The structure of unwinding protein (UP1), a proteolytic fragment, arising from 
human hnRNP A1. Colored ribbon sheets represent the four antiparallel β sheets ordered β4, 
β1, β3, β2 and the two α-helices (αA and αB). Blue and purple ribbons contain the RNP2 and 
RNP1 consensus sequences respectively and are juxtaposed on the adjacent central antiparallel 
strands (β strands 3 and 1 respectively). Loops 1-5 have different lengths and loop 5 forms a 
two-stranded β-sheet (β’ and β’’). Red line represents the linker region between the two RRMs is 
shown in red (Xu et al, 1997; Maris et al, 2005). 
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1.1.2. Auxiliary domains 
 
In addition to the RRM, hnRNP proteins also contain other common domains, referred 
to as auxiliary domains. For example, the glycine/arginine-rich domain (GRD) in 
hnRNP A/B proteins which includes clusters of Arg-Gly-Gly (RGG) repeats, referred to 
as an RGG box, and the nucleotide 5!-triphosphate (NTP) binding site in the hnRNPs C 
and U (Dreyfuss et al., 1993, Han et al., 2010b), and the KH (K homology) motif which 
is a 45 amino acid repeated motif known to bind RNA in the hnRNP K (Siomi et al., 
1993). Another RNA-binding protein family, the SR proteins (for example, SF2/ASF 
and SC35), have RRM motifs followed by an arginine/serine-rich auxiliary domain 
(Shepard and Hertel, 2009). 
 
1.2. Evolution of hnRNPs 
 
The hnRNP proteins commonly have two or more RRM domains or KH domains that 
bind to specific nucleic acid motifs. They have different preferences for particular 
sequences conserved among many species and have a phylogenetically close 
relationship through evolution (Tang et al., 2012) . A recent study has classified the 
hnRNP proteins of humans into 3 subgroups in terms of primary structure, the A- (A0, 
A1, A2, and A3), D- (AB, D and DL) and Musashi-like (MSI1, MSI2 and DAZAP1) 
subgroup (Akindahunsi et al., 2005). The D-subgroup has an insertion or exclusion 
region in N-terminal sites followed by a glycine-rich domain in C-terminal, when 
compared to the A-subgroup. The Musashi-like subgroup contains similar RBDs in 
N-terminal sites although this subgroup has totally different C-terminal domain from the 
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hnRNP subgroups that have a glycine-rich tail. They showed, by bootstrap analysis, that 
the relationship of these RBDs was well conserved among the three groups. In accord 
with the Neighbour-Joining tree, RBDs of Musashi-like proteins are more closely 
related to the D-subgroup, and also supported by the Unrooted Consensus 
Neighbour-Joining tree (Akindahunsi et al., 2005). This showed that each RBD was 
duplicated from a common ancestral gene and then diverged to become a family of 
proteins that contain RBD regions following other duplication events. 
Akindahunsi et al. (2005) also found these conserved sequences in other vertebrates, 
including chicken (Gallus gallus), western clawed frog (Silurana tropicalis), zebrafish 
(Danio rerio), fugu (Takifugu rubripes) and tunicate (Ciona intestinalis), and showed 
the evolutionary relationship using the Neighbour-Joining tree method. According to 
their analysis, there are clear orthologs of human hnRNPs in tetrapods, which can be 
clustered, whereas analysis of the fish hnRNPs is still unclear. However, these RBD 
coding genes can be found in all eukaryotes, suggesting that a unicellular eukaryotic 
ancestral gene-containing tandem RRMs from which the hnRNPs have diverged by 
duplication events that gave rise to all RRM-tandem-containing genes. 
 
1.3. The hnRNP A/B protein family; structure and functions 
 
The most abundant RNA-binding hnRNP proteins are the A/B subfamily that has 
paralog that form the subfamily, produced through alternative splicing and 
post-translational modifications. The hnRNP A/B family contains hnRNPs A1, A2/B1, 
A3, and A0. The A/B proteins were isolated by sedimentation from cell nuclei in the 
form of RNA-protein 40S particles predominated by hnRNP A1 and A2 which form 
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60% of the mass (Beyer et al., 1977, Myer and Steitz, 1995). These proteins have 
multiple cellular roles and are implicated in packing nascent hnRNA, pre-mRNA 
constitutive and alternative splicing, mRNA transportation from the nucleus to the 
cytoplasm, translation, mRNA stability and telomere maintenance (Krecic and Swanson, 
1999, Dreyfuss et al., 2002, Smith et al., 2014). 
The hnRNP A2/B1 proteins have been less intensively studied than hnRNP A1. The 
human hnRNP A2/B1 gene is located on chromosome 7 and has four isoforms that arise 
from alternative splicing: A2 (36 kDa), excludes exon 2 which encodes 12 amino acids; 
B1 (38 kDa), has all 11 exons; A2b excludes exons 2 and 9; B1b excludes exon 9. Both 
A2b and B1b are minor components in human (Burd et al., 1989). A2 has a similar 
structure to that of hnRNP A1 and has two tandem RRM domains including RNP1 and 
RNP2, followed by a Gly-rich domain. In the RRM domains, the identity of human 
hnRNP A1 and A2 sequences is 85%, whereas in the glycine-rich domains, the identity 
is 48% (Landsberg et al., 2006). It has been suggested that hnRNP A2/B1 proteins share 
targets with those of hnRNP A1, along with hnRNP A1, A2 is also considered to take 
part in alternative splicing of pre-mRNA (Krecic and Swanson, 1999), telomere 
maintenance (Kim et al., 2005), cytoplasmic mRNA trafficking (Munro et al., 1999b), 
RNA translation and other functions (Kamma et al., 1999, Peebles et al., 2007). 
Furthermore, some proto-oncogenes and tumour suppressor genes, which are the 
downstream targets of hnRNP A2, are over-expressed in some cancer cells such as lung, 
breast cancers and lymphomas (Sueoka et al., 1999, Zhou et al., 2001, Tani et al., 2002). 
The level of expression and localization of hnRNP A2 differ through the cell cycle so 
that A2 expression is considered to be related to cell metabolism (Kamma et al., 1999, 
Kamma et al., 2001, He et al., 2005, Friend et al., 2008, He et al., 2009). 
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1.4. The hnRNP protein- nucleotide interaction 
 
1.4.1. A2RE 
 
The hnRNP A2-binding RNA motif consists of 21 nucleotides and is termed the hnRNP 
A2 cis-acting response element (A2RE). Binding of this element is necessary for 
mRNA cytoplasmic transportation (Munro et al., 1999a) of myelin basic protein (MBP) 
mRNA in oligodendrocytes (Colman et al., 1982, Trapp et al., 1987). Eleven of the 
twenty-one nucleotides (A2RE11; GCCAAGGACCC) are essential for mRNA 
transportation and mRNA stability. A2RE-like elements are found in other mRNAs and 
are considered to regulate their binding activity. The A2RE sequence is well conserved 
and A2RE-like sequences are found in other eukaryotic mRNAs known to bind hnRNPs 
A1, A2 and A3 (Ma et al., 2002, He and Smith, 2009). Although hnRNPs A1 and A2 
have very similar sequences, they have different affinities for the A2RE11 element 
(Shan et al., 2000). 
 
1.4.2. The Telo4 oligonucleotide 
 
Telo4 refers to a synthetic sequence of four telomere repeats, d(TTAGGG)4, that is 
used to detect proteins which bind this repeat sequence. These single-stranded repeats, 
are found at the ends of chromosomes in vertebrates and are required for chromosomal 
replication (Farr et al., 1991). The d(TTAGGG)n repeats are well conserved among 
vertebrates although the nematode C.elegans has (TTAGGC)n in its telomeric region 
(Wicky et al., 1996). HnRNP A1 has been shown to participate in telomeric function 
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and be capable of binding to telomeres (McKay and Cooke, 1992). There are reports 
that hnRNPs A2/B1 and A3 can also bind telomere repeats, suggesting that they have a 
role in telomere maintenance and regulation (McKay and Cooke, 1992, Kim et al., 2005, 
Tanaka et al., 2007). 
 
1.5. Zebrafish as a model for characterizing gene expression 
 
The zebrafish (Danio rerio) has been recognized as an alternative vertebrate model, and 
has been widely utilized in developmental studies. The period of its embryogenesis is 
short; it can almost complete organogenesis within 3 days after fertilization. In addition, 
its embryo is transparent, a feature which is helpful in morphological observations, and 
it is also easily utilized in injection experiments (Kimmel et al., 1995). The zebrafish 
provides insights into understanding characterization and functions of human genes. 
The zebrafish has several vertebrate orthologs. Several groups stated the hypothesis that 
the whole genome duplication event occurred in many fish species (Amores et al., 1998) 
after the divergence of the tetrapod and teleost lineages (Woods et al., 2000, Taylor et 
al., 2003). An additional duplication event occurred in each lineage after the split of 
ray-finned and lobe-finned fish (Postlethwait et al., 1998). The zebrafish is likely to 
have several gene copies. Furthermore, the recently completed zebrafish genome 
sequencing project, conducted by the Sanger Institute, has just reached maintenance 
stage so that their genome characterization will accelerate in the near future and will 
contribute to understanding the evolutionary relationship and the wide range of genome 
characterization of other species as well. 
Earlier work in our laboratory by Imam Cartealy, showed that zebrafish hnRNP A1422 
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(NP_956398 from GenBank) is a single copy gene and a single transcript of hnRNP 
A1422 mRNA by Southern and Northern blotting, respectively. He did not report on the 
A1388 transcript. He performed whole mount in situ hybridization of hnRNP A1 mRNA 
and found it was expressed constantly during embryogenesis. The expression of hnRNP 
A1 was observed in the animal pole at early stage (~10 hpf: hours post fertilization) and 
more localized to brain and notochord at a later stage (24 hpf). He also knocked-down 
hnRNP A1 by morpholino injection and observed three abnormal phenotypes: (type I: 
small and undeveloped body embryos; type II: kinked body and disorganized somite; 
and type III: lack of midbrain-hindbrain boundary) (Cartealy, 2008). 
 
Specific Aims 
Based on these findings, the aims of my project were: 
1) to identify zebrafish orthologs by a bioinformatic analysis of the genome 
characterisation and transcript sequences compared to other species in mammalian and 
related fish species; 
2) to isolate the hnRNP proteins from zebrafish embryos; 
3) to characterize zebrafish hnRNP A1 expression in different developmental-stage 
embryos.  
 
Summary 
In this study, I found that there are several orthologs of hnRNPs in zebrafish by 
bioinformatic analysis. I successfully isolated several zebrafish hnRNPs including two 
A1 isoforms, A3, AB, A0 and A0-like by ligand precipitation and confirmed their 
identity by mass spectrometry. To determine the expression of both A1 isoforms, I 
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performed in situ hybridization and Northern and Southern blotting and found that there 
were no significant differences in expression of the two zebrafish A1 isoforms. I 
compared the protein sequences of the zebrafish hnRNPs to of human and found that 
the zebrafish A1s have primary sequence similarity with human A1b, which is the 
minor form in human and other vertebrates. Zebrafish A0s share secondary structure 
similarity with human A2 although no orthologs of A2 have yet been found in fish 
species, either bioinformatically or by molecular means. The present study contributes 
to the functional understanding of hnRNP orthologs in human and other vertebrates. 
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Chapter 2. 
Materials and Methods 
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Materials 
2.1.1. Total protein extraction 
 
a) zebrafish 
Wild type embryos (15, 24, 48 and 72 hpf developmental stages) from Australian 
Zebrafish Phenomics Facility (AZPF), The Institute for Molecular Bioscience, The 
University of Queensland. 
 
b) Reagents 
HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (Amresco, Solon, Ohio, 
USA) 
EGTA: ethylene glycol tetra acetic acid (Sigma-Aldrich, St Louis, Missouri, USA) 
MgCl2 (Univar, Redmond, Washington, USA) 
Glycerol (Univar, Redmond, Washington, USA) 
IGEPAL CA-630 (Sigma-Aldrich, St Louis, Missouri, USA) 
Sodium deoxycholate (Sigma-Aldrich, St Louis, Missouri, USA) 
β- mercaptoethanol (Sigma-Aldrich, St Louis, Missouri, USA) 
Protease Inhibitor Cocktail (Sigma-Aldrich, St Louis, Missouri, USA) 
 
2.1.2. Pull-downs 
a) Oligonucleotides and oligomer immobilized on beads:  
Streptavidin magnetic particles (Roche, Indianapolis, Indiana, USA) 
Deoxyribo-oligoncleotides were synthesized by GeneWorks Pty Ltd (Hindmarsh, South 
Australia, Australia) 
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Oligomer Sequence 
A2RE 5'- GCC AAG GAG CC -3' 
Telo4 5'- TTA GGG TTA GGG TTA GGG TTA GGG -3' 
 
b) Buffer preparation 
EDTA: Ethylenedinitrilo tetraacetic Acid (Amresco, Solon, Ohio, USA) 
Tris/HCl (Sigma-Aldrich, St Louis, Missouri, USA) 
Heparin sodium salt from porcine intestinal mucosa grade I-A#H3393-500 KU 
(Sigma-Aldrich, St Louis, Missouri, USA) 
 
2.1.3. SDS-PAGE separation 
 
Sodium dodecyl sulphate (Amresco, Solon, Ohio, USA) 
Polyvinylidene difluoride (PVDF) membrane (Merck Millipore, Billerica, 
Massachusetts, USA) 
IPG buffer pH 6-11 (GE Healthcare, Pittsburgh, Pennsylvania, USA) 
Urea (Univar, Redmond, Washington, USA) 
CHAPS: 3-(3-cholamidepropyl) dimethylammonio-1-propanesulphonate 
(Sigma-Aldrich, St Louis, Missouri, USA) 
DTT: dithiothreitol (Sigma-Aldrich, St Louis, Missouri, USA) 
The DryStrip (GE Healthcare, Pittsburgh, Pennsylvania, USA) 
Ettan IPGphor Isoelectric Focusing System (GE Healthcare, Pittsburgh, Pennsylvania, 
USA) 
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Bromophenol blue (Sigma-Aldrich, St Louis, Missouri, USA 
Coomassie Blue G250 (Sigma-Aldrich, St Louis, Missouri, USA) 
Orthophosphoric Acid (Univar, Redmond, Washington, USA) 
Odyssey Infrared Imaging System (LI-COR, St Lincoln, Nebraska, USA) 
 
Mass spectrometry materials and facilities 
Sequencing Grade Modified Trypsin (Promega, Fitchburg, Wisconsin, USA) 
α-Chymotrypsin from bovine pancreas (Sigma-Aldrich, St Louis, Missouri, USA) 
Acetonitrile (Univar, Redmond, Washington, USA) 
Trifluoroacetic (Ajax Finechem, Cheltenham, Victoria, Australia) 
SPD Speed Vac (Thermo Fisher Scientific, Waltham, Massachusetts, USA) 
Micro Modulyo Freeze Dryers (Thermo Fisher Scientific, Waltham, Massachusetts, 
USA) 
Sonicator (Unisonics Australia, Brookvale, New South Wales, Australia) 
ZipTip C18 (Merck Millipore, Billerica, Massachusetts, USA) 
 
2.1.4. Western blotting 
 
a) Buffer preparation 
Glycine (Univar, Redmond, Washington, USA) 
Methanol (Merck Millipore, Billerica, Massachusetts, USA) 
Fish skin gelatine (Sigma-Aldrich, St Louis, Missouri, USA) 
PBS tablets (Amresco, Solon, Ohio, USA) 
Tween 20 (Ajax Finechem, Cheltenham, Victoria, Australia) 
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b) Antibodies 
Mouse anti-human hnRNP A1, Clone 4B10 (Sigma-Aldrich, St Louis, Missouri, USA) 
Rabbit anti-human hnRNP A3 (C-terminal) (Ma et al., 2002) 
Rabbit anti-human hnRNP A2 (Ma et al., 2002) 
Goat anti-mouse IgG IRD 800 (Rockland, Gilbertsville, Pennsylvania, USA) 
Goat anti-rabbit IgG Alexa 680 (Life Technologies Australia, Mulgrave, Victoria, 
Australia) 
 
2.1.5. Northern and Southern blotting 
 
a) Total RNA and genome DNA extraction 
TRIzol Reagent (Life Technologies Australia, Mulgrave, Victoria, Australia) 
DEPC-treated water (0.1% diethylpyrocarbonate- MilliQ water) 
DEPC: Diethylpyrocarbonate (Sigma-Aldrich, St Louis, Missouri, USA) 
Chloroform (Univar, Redmond, Washington, USA) 
Isopropyl alcohol (Ajax Finechem, Cheltenham, Victoria, Australia) 
 
b) Probe generation 
Primers 
Oligo (dT) 15 Primer (Promega, Fitchburg, Wisconsin, USA) 
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Oligonucleotide primers for RNA probes 
Name Size Direction Sequence Location 
actin 449bp For 5'- TGG TAT TGT GAT GGA CTC TGG -3' 500-521 
  Rev 5'- AGC ACT GTG TTG GCA TAC -3' 932-949 
ZA1422 519bp For 5'- CAA GAA ATG GCA AAC ACT GGT -3' 673-693 
  Rev 5'- ACT GCT GGC TAT TAT AGT TGC -3' 1172-1192 
ZA1388 426bp For 5'- GTG GTA ACC GTG GTT ACG GCA -3' 800-820 
  Rev 5'- CCA CAG GTA TAA AAT CCA GCC -3' 126- 1226 
 
Sequence of promoter oligonucleotide primers 
Name Sequence Location in pGEM-T Easy vector 
T7 5'- TGT AAT ACG ACT CAC TAT -3' 2987- 3014 
SP6 5'- GCT ATT TAG GTG ACA CTA -3' 144-161 
M13F 5'- GTA AAA CGA CGG CCA G -3' 2976- 2981 
M13R 5'- CAG GAA ACA GCTATG AC -3' 176- 193 
 
Bacteria media and strain 
Luria-Bertani (LB) broth (1% bacto-tryptone, 0.5% yeast extract, 1% NaCl) 
LB agar (1.5%) supplemented with 50 µg/ml ampicillin 
Tryptone (Amresco, Solon, Ohio, USA) 
Yeast extract (Merck Millipore, Billerica, Massachusetts, USA) 
Agar (Sigma-Aldrich, St Louis, Missouri, USA) 
Ampicillin (Sigma-Aldrich, St Louis, Missouri, USA) 
IPTG: Isopropyl-β-D-thiogalactopyranoside 
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X-Gal: 5-bromo-4-chloro-indolyl-β-D-galactopyranoside 
E. coli DH5α 
 
Plasmids 
pGEM-T Easy (Promega, Fitchburg, Wisconsin, USA) 
 
Enzymes and reagents 
T4 DNA Ligase (Promega, Fitchburg, Wisconsin, USA) 
Taq DNA Polymerase (Life Technologies Australia, Mulgrave, Victoria, Australia) 
RNase H (New England Biolabs, Ipswich, Massachusetts, USA) 
RNasin Ribonuclease Inhibitor (Promega, Fitchburg, Wisconsin, USA) 
SP6 and T7 RNA Polymerase (Promega, Fitchburg, Wisconsin, USA) 
Superscript III RNase H Reverse Transcriptase (Life Technologies Australia, Mulgrave, 
Victoria, Australia) 
Restriction enzymes (New England Biolabs, Ipswich, Massachusetts, USA) 
 
Molecular biology kit 
Qiagen Gel Extraction Kit (QIAGEN, Hilden, Germany). 
Qiagen Miniprep (QIAGEN, Hilden, Germany) 
DIG RNA labelling mix (Roche, Indianapolis, Indiana, USA) 
 
Labelling with radioactive isotope 
dCTP, [α-32P]-3000Ci/mmol, 10 mCi/ml (PerkinElmer, Waltharn, Massachusetts, USA) 
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c) RNA loading buffer and capillary blotting 
TE buffer (10 mM Tris-HCl (pH 8.0), 0.1 mM EDTA) 
TAE buffer (40 mM Tris-acetate, 1 mM EDTA [pH 8.0]) 
MOPS buffer (0.5x MOPS, 50% formamide, 6.5% formaldehyde) 
1x MOPS buffer (20 mM MOPS, 2 mM EDTA, 5 mM Sodium acetate [pH 7.0]) 
1x SSC buffer (150 mM NaCl, 15 mM sodium citrate [pH 7.0]) 
1x SSPE buffer (150 mM NaCl, 20 mM NaH 2PO4, 1 mM EDTA [pH 7.0]) 
ssRNA Ladder (New England Biolabs, Ipswich, Massachusetts, USA)  
1 kb DNA Ladder (New England Biolabs, Ipswich, Massachusetts, USA) 
Positively charged membrane (Hybond-N+) (Amersham Bioscience, Uppsala, Sweden) 
UV strata linker TM 2400 (Stratagene , La Jolla, California, USA) 
50x Denhardt’s reagent (5 g of Ficoll, 5 g of polyvinylpyrrolidone, 5 g of bovine serum 
albumin, and H2O to 500 ml) 
FUJI medical x-ray film super RX (FUJI FILM, Tokyo, Japan) 
XP- 9000 automatic x-ray film processor (DLC-AUSTRALIA, Caboolture, Queensland, 
Australia) 
 
2.1.6. Whole mount in situ hybridization 
Methanol (Merck Millipore, Billerica, Massachusetts, USA) 
Paraformaldehyde (Sigma-Aldrich, St Louis, Missouri, USA) 
Paraformaldehyde (ProSciTech, Kirwan, Queensland, Australia) 
Proteinase K (Promega, Fitchburg, Wisconsin, USA) 
Anti-DIG antibody-alkaline phosphatase Fab Fragment (Roche, Indianapolis, Indiana, 
USA) 
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Formamide (Sigma-Aldrich, St Louis, Missouri, USA) 
1x PBST (1x PBS with 0.1% Tween 20 in DEPC-treated water) 
20x SSCT (2x SSC with 0.2% Tween 20 in DEPC-treated water) 
Deoxyribonucleic acid, single stranded, from salmon testes (Sigma-Aldrich, St Louis, 
Missouri, USA) 
BSA: bovine serum albumin (Sigma-Aldrich, St Louis, Missouri, USA) 
Sheep serum (Sigma-Aldrich, St Louis, Missouri, USA) 
DMSO: Dimethyl sulfoxide (Sigma-Aldrich, St Louis, Missouri, USA) 
Triton-X 100 (Sigma-Aldrich, St Louis, Missouri, USA) 
NBT/BCIP: nitro blue tetrazolium/5-bromo 4-chloro 3-indolyl phosphates (Thermo 
Fisher Scientific, Waltham, Massachusetts, USA) 
EDTA: ethylenediaminetetraacetic acid (Amresco, Solon, Ohio, USA) 
Microscope (Olympus, Tokyo, Japan) 
Camera (Nikon, Tokyo, Japan) 
 
Methods 
 
2.2.1. Bioinformatics 
 
The protein sequences of the zebrafish hnRNPs and the orthologs from other species 
were obtained from GenBank; the database hosted by the National Centre for 
Biotechnology Information (http://www.ncbi.nlm.nih.gov/genbank/) and Ensembl 
(http://www.ensembl.org/index.html); a joint project of the European Bioinformatics 
Institute and the Wellcome Trust Sanger Institute.
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The phylogenetic tree comparing whole protein sequences was generated by ClustalX 
(http://www.clustal.org/) used for multiple sequences alignment and the neighbour
joining tree drawn using NJ-Prot (http://pbil.univ-lyon1.fr/software/njplot.html) with 
default parameter. The RRMs and GRD regions were decided by aligning multiple 
protein sequences generated by Clustal W based on human protein annotations from 
GenBank and separately drown Unrooted Neighbour-join tree by NJ-Prot with default 
parameter. 
 
2.2.2. Total protein extraction 
 
In order to produce whole cell lysate, the zebrafish embryos were kept in a petri dish at 
room temperature (RT) until they reached their required, particular stages following 
work done by Kimmel et al, 1995. The embryos were then washed with MQ water twice 
in a petri dish and homogenized with 20 to 30 strokes on ice in a mixture of 1 ml protein 
lysis buffer/ 20 embryos (20 mM HEPES [pH 7.4], 0.65 M KCl, 2 mM EGTA, 1 mM 
MgCl2, 2 M glycerol, 8.7 mM IGEPAL CA-360, 12.1 mM Na deoxycholate, 14.3 mM 
β-mercaptoethanol containing phosphatase inhibitor solution (1 mM Na3VO4, 30 mM 
NaF, 10 mM Na4P2O7, 2 mM β-glycerol phosphate), to which was added 50 µl Protease 
Inhibitor Cocktail (Sigma), 1 µl 100 mM PMSF. This process was followed by 
centrifugation at 8,000 g (10,000 rpm) for 1 minute at 4˚C to remove chorion and 
unsolved skin. The supernatant was transferred into a new tube and stored at -20˚C. 
The protein concentration of the cell supernatant (the supernatant of the whole cell 
lysate) was calculated using the Bio-Rad protein assay regent 
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2.2.3. Isolation of pull-down proteins 
 
Hoek et al., reported a pull-down assay for the isolation, elution and identification of 
A2RE-binding proteins from homogenised rat brain (Hoek et al., 1998). This method 
was modified for cultured cells (Friend et al., 2013) and for zebrafish (this study). 
Synthesized oligomers (A2RE and Telo4 sequences) immobilized on magnetic beads 
were utilized to pull-down zebrafish proteins, which have the binding motifs with A2RE 
element or telomere repeats, respectively. The proteins detected with these oligomers 
were identified by SDS-PAGE and mass spectrometry (MS) analysis. The overall 
scheme of the pull-down assay is shown in Figure 2.1. 
Preparation of the immobilized oligomer beads 
For each tube, 50 µl aliquots of super-paramagnetic particles (Roche, Indianapolis, 
USA), were incubated twice with 700 µl buffer Ι (0.1 M NaOH/ 0.5 M NaCl), followed 
by washing once with 700 µl buffer Ι (0.1 M NaCl), then re-suspended in 250 µl buffer 
ΙΙΙ (Tris/ EDTA/ 0.1 M NaCl [pH 7.5]). 5 µl 100 µM biotinylated oligomer, was added 
Figure 2.1. Schematic showing the 
main features of the pull-down assay. 
The oligomer-binding proteins (yellow 
circles) are captured using 
biotin-labelled A2RE or Telo4 
oligonucleotides (wavy lines) 
immobilized on streptavidin magnetic 
particles (black ovals). The proteins are 
analysed by sodium dodecyl sulfate 
polyacrylamide gel electrophoresis 
(SDS-PAGE). 
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to the mixture, incubated for 15 min, at room temperature (RT) on rollers. Unbound 
oligomers were removed by washing out twice with 700 µl buffer ΙѴ (Tris/ EDTA/1 M 
NaCl), followed by washing once with 700 µl buffer Ѵ (10 mM HEPES [pH 7.5], 40 
mM NaCl, 5% glycerol [pH 7.5]). 
 
Isolation of binding proteins 
The beads with oligomers were incubated with 350 µl of pull-down protein sample, 200 
µl buffer ΙѴ (diluted buffer into 1 in 5), 100 µl 100 mg/ml heparin [10 mg], was added 
to avoid non-specific binding, and 350 µl MQ water for overnight (O/N) on rollers at 
4˚C. The beads were collected magnetically and washed with buffer Ѵ three times and 
eluted with 50 µl 30% acetonitrile/ 0.1% trifluoroacetic acid (TFA) at 65˚C for 10 min 
with vortexing occasionally. The supernatant (S/N) was collected and stored at -20˚C. 
 
One-dimensional SDS-PAGE analysis 
A gel, with 10 wells was used. For each well, 20 µl of the sample was added with 1 µl 
1M NaOH, and 5 µl of 4 x loading dye. It was incubated at 95˚C for 5 min, then 
resolved on 12% polyacrylamide SDS gels with 1x SDS running buffer (0.1% SDS, 25 
mM Tris, 192 mM glycine [pH 8.3]) at 130 V, for 2.00 hours. The gel was stained in 
Coomassie Blue G250 and then de-stained by 1% acetic acid over several hours. The 
gel image was scanned on an Odyssey Infrared Imaging System (LI-COR). 
 
Two-dimensional electrophoresis 
The pull-down samples were frozen with liquid nitrogen and lyophilized. Then, 130 µl 
of lysis buffer (9.5 M urea, 2% CHAPS (w/v), 1% DTT (w/v), 0.8% IPG buffer, pH 
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6-11) was added to each tube and the contents were transferred to a DryStrip holder. 
The DryStrip (GE Healthcare) was placed on the sample solution with the gel side down, 
then covered with mineral oil to avoid evaporation. The holders were subjected to an 
Ettan IPGphor Isoelectric Focusing System and driven with 50 µA/strip by 7 steps: step 
1: 30 V for 14 h, step 2: 100 V for 2 h, step 3: 500 V for 1.5 h, step 4: 1000 V for 1 h, 
step 5: 5000 V for 1 h, step 6: 5000 V 10 h, step 7: 50 V for 5 h. 
 
After 1st dimension separation, the DryStrip gels were taken to a next step for a first 
equilibration with dithiothreitol (DTT) and for a second saturation with iodoacetamide 
(IAA) using by equilibration buffer (50 mM Tris-HCl [ph 8.8], 6 M urea, 30% glycerol 
(v/v), 2% SDS and 0.002% bromophenol blue). For the first equilibration, the strip gels 
were incubated with 5 ml DTT-containing equilibration buffer (DTT 100 mg/10 ml 
buffer for 2 strip gels) for 15 min on rollers at RT. The second equilibration involved 5 
ml of IAA-containing equilibration buffer (IAA 250 mg/10 ml buffer for 2 strip gels) 
for 15 min on rollers at RT. The strip gels were applied to a 12% SDS-PAGE under the 
same conditions as used for one-dimensional electrophoresis. 
 
Western blotting analysis 
After running the samples, the gel was transferred to a membrane treated with methanol, 
MQ water and Transfer buffer (25 mM Tris, 192 mM glycine, 10% methanol [pH 8.3]), 
at 30 V, O/N at 4˚C. The membrane was blocked in 5 ml blocking buffer (3% fish skin 
gelatine) for 1 h at RT. The blocking buffer was then removed, and the membrane 
incubated with primary antibodies diluted 1:5,000 for anti-mouse A1, 1:1,000 for 
anti-Rabbit A3 (C-terminal) and 1:10,000 for anti-Rabbit A2 in blocking solution 
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(blocking buffer with 0.1% Tween 20) for 2 h at RT on rollers. The membrane was 
washed for 5 min, four times in 10 ml 1x PBS with 0.1% Tween 20. It was then 
incubated with secondary antibodies diluted 1:20,000 for goat-anti-mouse-conjugated 
IRD 800 and goat/anti-rabbit-conjugated Alexa 680 in blocking buffer with 0.1% 
Tween 20 and 0.01% SDS for 45 min at RT on rollers shaded from the light. Unbound 
antibodies were washed off in 10 ml 1x PBS with 0.1% Tween 20 solution for 5 min, 
four times, followed by a single washing in 10 ml 1x PBS solution for 5 min. 
 
Mass spectrometry (MS) analysis 
The protein bands of interest, resolved in SDS-PAGE and stained by Coomassie Blue 
(CB) G250 were selected, then excised and de-stained with 200 µl of 50 mM 
ammonium bicarbonate (ABC)/50% acetonitrile (ACN) for O/N with gentle agitation. 
The de-stain solution was removed and 50 µl of 100% ACN was added to dehydrate the 
gel pieces. The gel slices were then incubated at RT for 5 min followed by enzyme 
digestion with 10 µl of enzyme solution (10 ng/µl of trypsin or chymotrypsin in 50 mM 
ABC) at 4˚C for 20 min. 10 µl of 50 mM ABC was added, then the solution was 
incubated at 37˚C, O/N. The reaction was stopped by removing all of the solution and 
then adding 50 µl of 50% ACN/0.1% TFA. The sample in 50% ACN/0.1% TFA was 
sonicated for 10 min twice and the supernatant transferred into a new tube. The 
supernatant was dried in a vacuum centrifuge at 45˚C for 2 h, then re-suspended with 10 
µl of 5% ACN/0.1% TFA and desalted by zip tip extraction and applied to a 
matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectrometer. 
This was followed by a peptide mass fingerprinting (PMF) search, applied to an 
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electrospray ionization-quadrupole TOF (ESI-QTOF) spectrometer. Tandem MS 
(MS/MS) analysis was done to detect matched peptides with zebrafish hnRNP using the 
MASCOT database (Matrix Science accessed by Australian Proteomics Computational 
Facility) using the following parameters (Database: LudwigNR, Taxonomy: Danio rerio, 
Enzyme: Trypsin or Chymotrypsin, Variable modifications: Oxidation (M) and 
Dimethylation (R), Mass values: Monoisotopic, Peptide Mass Tolerance: ±100 ppm, 
Fragment Mass Tolerance: 0.1 Da, Max Missed Cleavage: 2, Instrument type: 
ESI-QUAD-TOF). 
 
2.2.4. RNA extraction 
 
Different developmental stage embryos (15, 24, 48 and 72 hpf) were washed with MQ 
water once and homogenized with 30- 40 strokes at RT in TRIzol (30 embryos per 1ml 
TRIzol) followed by incubating for 5 min at RT. After adding 0.2 ml chloroform/ml 
TRIzol, the mixture was shaken vigorously for 20 s, and incubated for 3 min at RT 
followed by centrifugation at 12,000 g (11,400 rpm) for 15 min at 4˚C. The clear layer 
of the supernatant was transferred to a new tube, to which was added 0.5 ml 
isopropylalcohole/ml TRIzol. This was mixed gently by rotating it 10 times. It was then 
incubated for 10 min at RT. After centrifugation at 12,000 g for 10 min at 4˚C, the 
supernatant was discarded and the precipitated RNA washed with 75% ethanol, with 
vortexing followed by centrifugation at 7500 g (9,000 rpm) at 4˚C for 5 min. The RNA 
was air-dried briefly and re-dissolved in 10 µl DEPC-treated water and stored at -20˚C. 
 
 
 
 
27 
2.2.5. DNA extraction 
 
After removing the aqueous phase of RNA (see RNA extraction), 300 µl of 100% EtOH 
per 1 ml of TRIzol reagent, used for the initial homogenization, was added to the red 
organic phase, then inverted several times, followed by incubation for 2 min at RT. The 
mixture was centrifuged at 2000 g (5000 rpm) at 4˚C for 5 min. The supernatant was 
discarded before the DNA pellet was washed twice with 1 ml of 0.1 M sodium citrate in 
10% EtOH [pH 8.5] followed by incubation for 30 min at RT and centrifugation at 2000 
g for 5 min at 4˚C. After removing the washing solution, 2 ml of 75% EtOH was added 
and incubation for 15 min at RT followed by centrifugation at 2000 g for 5 min at 4˚C. 
The DNA pellet was air-dried briefly and dissolved in 400 µl of 8 mM NaOH. The 
mixture was centrifuged at 12,000 g for 10 min at 4˚C and the S/N was transferred into 
a new tube followed by ethanol precipitation. 
 
2.2.6. Probe generation for Northern blot and in situ hybridization 
 
2.2.6.1. DNA template preparation 
Primer design 
To design the zebrafish hnRNP A1 (388 aa) primers, in order to distinguish it from A1 
(422 aa), RNA sequences were obtained from NCBI and applied to a Primer3 Plus 
program for designing the primers, which span the different regions between A1 (422 
aa) and A1 (388 aa) in GRD. As a positive control, zebrafish β-actin1 primers were 
designed. 
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Reverse Transcriptase PCR (RT-PCR) 
RT-PCR protocol was based on Invitrogen SuperScript ΙΙΙ Reverse Transcriptase 
manual. To obtain cDNA, 500 ng of oligo (dT)15, 1 µl (1 µg) of total RNA (section 
2.2.4.), 1 µl of 10mM dNTP Mix (10 mM each) were added to the total volume of 13 µl. 
The mixture was heated at 65˚C for 5 min, then cooled on ice for 1 min. 4 µl of 5x First 
Strand Buffer (Invitrogen), 1 µl of 0.1 M DTT, 1 µl RNase OUT (RNase inhibitor) and 
1 µl of SuperScript ΙΙΙ Reverse Transcriptase (200 U/µl) were added. The mixture was 
incubated at 50˚C for 50 min, then 70˚C for 15 min to complete the reaction. To digest 
the RNA, 0.5 µl (2.5 U) of RNase H (NEB) was added and the mixture was incubated at 
37˚C for 20 min. 
PCR 
To obtain a DNA template, an addition of 2 µl of cDNA, 1 µl (10 µM) designed 
sense-primers and anti-sense- primers, 5 µl of 10x PCR buffer, 1.5 µl of 50 mM MgCl, 
1 µl of 10 mM dNTP Mix and 0.5 µl of Taq DNA polymerase (5 U/µl) was made to the 
total volume of 50 µl. The mixture was incubated at 94˚C for 5 min to denature the 
cDNA, then the cycle repeated 35 times at 94˚C for 30 s, 55˚C for 30 s, and 72˚C for 1 
min. 
 
DNA fragment extraction 
The PCR products were applied to 1.2% agarose gels made with 1x TAE buffer, and 
loaded at 80 V, for 50 min with 6x LD (Orange G). Bands of the predicted size around 
500 bp, which were the insertion templates, were excised from the gel under a UV light 
and transferred to a new tube. The DNA fragments were extracted using a QIAquick 
Gel Extraction Kit according to the manufacturer’s protocol. 
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Ligation to pGEM-T 
The DNA fragments were ligated into E. Coli DH-5α using pGEM-T Easy Vector 
Systems based on the manufacturer’s protocol. The mixture of DNA fragments, 
pGEM-T Easy vectors, the ligation buffer and T4 DNA ligase was incubated at 4˚C O/N 
to insert the fragments into the vector. To clean up the ligation mixture, 90 µl of MQ 
water, 1 µl of tRNA, 10 µl 3 M sodium acetate and 250 µl of 100% ethanol were added, 
followed by incubation at 80˚C for 1h, then centrifugation at 12,000 g for 30 min and 
the pellet was then washed with 70% ethanol. 
 
Bacterial cell transformation 
The cells and vector mixtures were incubated on ice followed by heat shock at 42˚Cfor 
45 s, then chilled again on ice for 2 min. The mixture was incubated at 37˚C, and then 
shacked at 220 rpm for 1 h in 1 ml of LB before plating onto LB plates containing 
ampicillin for bacterial selection. 
 
Blue/White colony selection 
For blue and white colony selection, 100 µl of the mixture (IPTG/X-Gal) was plated 
onto LB/ampicillin plate and incubated O/N at 37˚C. After plate incubation, white 
colonies were picked up and transferred to 3 ml LB broth. This was followed by 
incubation at 37˚C with shaking at 220 rpm O/N to grow each clone. To extract the 
plasmid, the mixture was centrifuged at 1,000 g for 10 min. The pellet was treated 
according to the manufacturer’s protocol of QIAprep Spin Miniprep Kit. The extracted 
plasmid was submitted for sequencing to the Australian Genome Research Facility 
(AGRF) (The University of Queensland, St. Lucia, QLD, Australia). 
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2.2.6.2. [α-32P] labelled DNA probe generation for Northern and Southern blotting 
 
To obtain the DNA template for generating [α-32P] labelled DNA probe, PCR used the 
sample plasmid and specific primers (section PCR of 2.2.6.1). Then the PCR products 
were purified by agarose gel extraction (section DNA fragment extraction of 2.2.6.1). 
The equivalent to 25 ng purified DNA template was incubated at 95˚C for 5 min to 
denature. It was then mixed with 1 µl of dATP, dGTP and dTTP (10 mM each), 5 µl of 
[α-32P]-dCTP, 20 µl of random hexamer (Invitrogen), 1.5 µl of Klenow Fragment 
(Fermentas) and DEPC-treated water added up to 50 µl. The mixture was incubated at 
37˚C for 1h followed by incubation at 70˚C for 10 min. 0.02 µM EDTA was added, 
followed by ethanol precipitation. 1/10 volume of 3 M sodium acetate and salmon 
sperm DNA (Sigma) were added, with twice the volume of 100% ethanol. This was 
incubated at -80˚C for 30 min followed by centrifugation at 12,000 g at 4˚C for 30 min. 
The pellet was air-dried briefly and re-dissolved with 50 µl of TE buffer. 
 
2.2.6.3. DIG-labelled RNA probe generation for in situ hybridization 
 
In vitro transcription 
According to the result of the plasmid sequencing, to linearize the sample plasmid, 
involved cutting downstream of the cloned insert by using restriction enzymes (ApaΙ for 
sense probes and NsiΙ for anti-sense probes, following the manufacturer’s protocol) (Fig. 
2.2). Using DIG-RNA labelling kit (Roche), 1 µg linearized sample plasmid DNA was 
incubated with digoxigenin-11-UTP labelling mixture, optimal transcription buffer and 
SP6 polymerase at 42˚C for 1 h. Then, DNase I was added to remove the DNA template 
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by incubating at 37˚C for 15 min, then added 5 µl of 0.2 M EDTA to complete the 
reaction. 
 
Figure 2.2. Schematic showing the key features of the pGEM-T cloning vector. a) pGEM-T 
vector map and restriction sites (from Promega Technical manual, pGEM-T Easy Vector System) 
b) The restriction enzyme site images of the sample plasmid for in vitro transcription for RNA 
probe generation. 
 
2.2.7. Northern Blotting 
 
RNA electrophoresis and capillary blotting 
The equivalent of 20 µg of total RNA from 24 hpf stage embryos (section 2.2.4.) was 
added to 2.5 times the volume of RNA loading buffer (0.5x MOPS, 50% formamide, 
6.5% formaldehyde), followed by heating at 65˚C for 15 min and chilling rapidly on ice 
for 1 min. The denatured RNA was applied to a denaturing 1.2% agarose gel containing 
1x MOPS and 1.5% formaldehyde in 1x MOPS buffer and run at 65 V for 2 h. After 
electrophoresis, the gel was rinsed in 20x SSC buffer for 15 min twice, then capillary 
blotted O/N to a positively charged membrane (Hybond-N+) in 20x SSC transfer buffer. 
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After capillary blotting, the membrane was air-dried and UV cross-linked at 120 mJ/cm2. 
It was then, stored at -20˚C. 
 
Hybridization 
The membrane was incubated with prehybridization buffer (5x SSPE, 50% formamide, 
10x Denhardt’s buffer, 0.5% SDS, and 0.1 mg/ml salmon sperm DNA) for 3 h at 42˚C, 
then 25 ng of denatured probe was added and incubated at 42˚C, O/N with routing in a 
hybridization oven (HYBAID) followed by a series of washing steps: washed with 2x 
SSPE and 0.1% SDS at 42˚C for 15 min twice; followed by washing with 1x SSPE and 
0.1% SDS at 65˚C for 15 min twice; then with 0.1x SSPE and 0.1% SDS at 65˚C for 15 
min, twice. The membrane was air-dried briefly, sealed in a plastic sheet, and then 
exposed to the X-ray film in a cassette O/N. The X-ray film was developed by an 
automatic X-ray film processor (DLC-AUSTRALIA). 
 
2.2.8. Southern blotting 
 
Genome DNA digestion 
The equivalent of 20 µg genome DNA from 24 hpf stage embryos (section 2.2.5.) was 
diluted with restriction enzyme buffer and incubated for several hours at 4˚C, then 
digested with 20 U of BglΙΙ, NcoΙand a combination of BglΙΙ and NcoΙat 37˚C for 1h 
followed by incubation at 70˚C with open tubes for 15 min to evaporate the rest of the 
EtOH. 
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DNA electrophoresis and capillary blotting 
The equivalent of 10 µg of genome DNA digested by restriction enzymes was mixed 
with 2 µl of 6x gel loading dye and loaded on a 0.8% agarose gel running at 15 V 
overnight in 1x TAE. After the electrophoresis, the gel was rinsed with de-purination 
buffer (0.125 M HCl) for 10 min, denaturation buffer (1.5 M NaCl, 0.5 M NaOH) for 30 
min and neutralizing buffer (1 M Tris-HCl [pH 7.4], 1.5 M NaCl, 0.81 M HCl) for 30 
min at RT, then capillary blotted O/N to positively charged membrane (Hybond-N+) in 
10x SSC transfer buffer. After capillary blotting, the membrane was air-dried and UV 
cross-linked at 140 mJ/cm2 and 254 nm. 
 
Hybridization 
The membrane was incubated with prehybridization buffer (5x SSPE, 50% formamide, 
10x Denhardt’s buffer, 0.5% SDS, and 0.1 mg/ml salmon sperm DNA) for 3 h at 42˚C, 
then 25 ng of denatured probe was added and incubated at 42˚C, overnight with rotation 
in a hybridization oven (HYBAID) followed by a series of washing steps: washed with 
2x SSC and 0.1% SDS at 42˚C for 15 min twice followed by washing with 1x SSC and 
0.1% SDS at 65˚C for 15 min twice, then 0.1x SSC and 0.1% SDS at 65˚C for 15 min 
twice. The membrane was air-dried briefly, sealed in plastic sheet, and then exposed to 
the X-ray film in a cassette for 2 days. The X-ray film was developed using an 
automatic X-ray film processor (DLC-AUSTRALIA). 
 
2.2.9. Whole mount in situ hybridization 
 
The embryos were washed using 1x PBS in MQ water and fixed with 4% PFA in 
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PBS/DEPC-treated water at 4˚C O/N (the embryos older than 24 hpf were 
dechorionated first before fixation). After fixation, the embryos were washed with 1x 
PBS twice, then removed their chorions. The embryos were incubated by following a 
series of dehydrating steps: incubated in 30% MeOH/70% PBS once; then transferred to 
50% MeOH/50% PBS, 70% MeOH/30% PBS and 100% MeOH), then 100% MeOH 
was replaced and the embryos stored at -20˚C for permeabilization. The embryos were 
allowed to come back to RT, washed with 50% MeOH/50% PBS once, 30% 
MeOH/70% PBS once, then washed with 1x PBST at RT for 5 min twice, followed by 
proteinase K digestion on older than 24 hfp embryos - (24 hpf: 10 min, 48 hpf: 20 min, 
72 hpf: 25 min). The embryos were fixed with 4% PFA/PBS/DEPC-treated water and 
washed twice with 1x PBST for 5 min. They were then incubated with hybridization 
buffer at 55˚C for 5 min once, then prehybridized at 55˚C for 3 h and probes (section 
 2.2.6.3) added for O/N hybridization at 55˚C. Next day, the unbound probes were 
washed out with 50% formamide in 2x SSCT at 55˚C for 30 min followed by washing 
steps: 2x SSCT at 55˚C for 15 min once, 0.2x SSCT at 55˚C for 30 min twice and 1x 
PBST at RT for 5 min once. The embryos were incubated in the blocking buffer (2% 
BSA, 2% sheep serum, 1% DMSO and 0.3% Triton-X100) at RT for 1 h and anti-DIG 
antibody was added at 1:8000 in the blocking buffer at 4˚C overnight. The following 
day, the unbound antibodies were washed out with 1x PBST at RT for 15 min three 
times then incubated with staining buffer (100 mM Tris/HCl [pH 9.5], 50 mM MgCl2, 
100 mM NaCl, 0.1% Tween 20, 1 mM Levamisol) at RT for 5 min and then stained 
with NBT/BCIP) solution (20 µl/ml staining buffer) at RT. The reaction was stopped by 
washing twice in 1x PBST for 5 min. The embryos were fixed with 4% 
PFA/PBS/DEPC-treated water for 20 min at RT, shaded from the light after proper 
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staining. The embryos were then incubated with 50% MeOH/PBST for 5 min at RT, 
followed by incubation in 100% MeOH for 5 min twice to dehydrate them. The 
embryos were immersed into Canada Balsam solution (ratio 2:1 of benzyl benzoate and 
benzyl alcohol), examined with a stereoscope (Olympus SZX12) and photographed with 
a digital camera (Nikon Digital sight DS-Ri1) using the NIS-Element BR program. 
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Chapter 3 
Bioinformatic Studies of Zebrafish hnRNP A/Bs 
! !
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Introduction 
In this study, I identified zebrafish orthologs by a bioinformatic analysis, and found 
several unique transcription products in zebrafish that have not yet been identified in 
related fish species. Most fish species share orthologs with the other vertebrates, 
although the orthologs of mammalian hnRNP A2 has not been found in fish. Instead of 
A2, zebrafish has a unique A1 protein that is more similar to human hnRNP A1b which 
is a minor isoform in other vertebrates. The similarity between human A1b and 
zebrafish A1 is illustrated by the primary structure in the GRD. 
 
3.1. Zebrafish hnRNP protein family 
 
Although several orthologs to other vertebrates have been found in zebrafish, their gene 
sequences and characterization are limited or unknown. In addition, due to multiple 
gene duplication events, the zebrafish has several copies of many genes (Postlethwait et 
al., 1998). In terms of zebrafish hnRNP proteins, there are several orthologs in sequence 
databases including GenBank; A1 (accession number: NP_956398), A3 
(NP_001038904), A0 (NP_999871), A/B (NP_997752), D0 (NP_001103930), K 
(NP_998159), Polypyrimidine-tract-binding-protein 1a (PTB/ hnRNP I) (AAH95372), 
L (NP_957393), RNA-binding protein FUS (hnRNP P2/ TLS/FUS) (NP_957377), R 
(NP_998591), Q (NP_999861), U isoform 1(NP_001001592)/ U isoform 2 
(NP_001028767). 
From the mass spectrometry data (see section 5.1.2. and 5.1.3.), the zebrafish hnRNP 
A/B family of proteins has two A1s; one with 422 amino acid residues (NP_956398) 
encoded by 11 exons (A1422) and the other with 388 residues (NP_956789) encoded by 
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7 exons (A1388) according to GenBank. There is however, another A1-like annotation in 
the Ensemble database (zgc: 66127, ENSDARP00000024594) encoded by 13 exons, 
which can be considered as corresponding to the A1388 residues isoform because of the 
high sequence similarity. Furthermore, there are several hnRNP A/B proteins: zebrafish 
A3 (NP_001038904) has 234 amino acid residues encoded by 8 exons, A0s which 
comprise, 314 residues (NP_999871), 305 residues (NP_997810) encoded by 1 exon 
(Fig. 3.1) and the A0-like protein with 302 residues (NP_001268650) encoded by 1 
exon. 
 
Figure 3.1. Organization of zebrafish hnRNPs A/B. Two A1 isoforms have been identified that 
are encoded by separate genes; one is 422 amino acids in length, and the other is 388 amino 
acids residues (exon 8* on A1388 is not described in GenBank annotation although A1388 has 
longer nucleotides than the region encoded by 7 exons). Note that the latter one is described 
differently by GenBank and Ensembl (zgc: 66127). A3 has 234 amino acids residues encoded by 
8 exons, the A0s are encoded by 1 exon and ABs contain 340 residues and 309 residues 
encoded by 9 exons. Exons are represented by numbered boxes. Vertical dashed lines identify 
protein domains as indicated. RRM: RNA Recognition Motif; GRD: glycine-rich domain (Han et 
al., 2010a; Tang et al., 2012). 
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One of the hnRNP AB proteins was originally classified as a member of the hnRNP C 
family, but it has a protein structure that is more like the hnRNP A/B subfamily than to 
the C subgroup, so it was termed the hnRNP AB protein (Khan et al., 1991). These 
sequences were obtained from GenBank; A1422 (accession number: NP_956398), A1388 
(NP_956789), A3 (NP_001038904), A0314 (Q6NYW8), A0305 (Q6NYB0), A0303 
(Q6PHJ4), A0 like (Q6P113), D (NP_001103930), AB340 (NP_997752), AB309 
(NP_998467), Musashi1 (NP001013534) and Musashi2a (NP_997961), Musashi2b 
(NP_957403). To generate the phylogenetic tree, ClustalX was used for multiple 
sequence alignment and the Unrooted Neighbour-joining tree drawn using NJ-Prot. 
According to phylogenetic analysis of several zebrafish RNA-binding proteins, the type 
AB protein was classified as a member of the AB-D subfamily (Fig. 3.2). This 
subfamily is characterized as having a CArG box binding factor (CBF) A-like domain. 
The CArG box (10-bp CC (A+T-rich)6 GG sequence) was originally found in a 
muscle-specific gene which encodes cardiac α-actin and is well conserved in evolution 
(Minty and Kedes, 1986). The type AB protein contains CBF-A (Fig. 3.3). Its alias 
DBP40, has a binding affinity to RNA, ssDNA in vitro (Kamada and Miwa, 1992, 
Wang and Parrish, 1999) and to a nuclear actin (Percipalle et al., 2002). In zebrafish, I 
found 2 different sized type AB proteins: one of 340 residues (NP_997752) encoded by 
9 exons, and the other of 309 residues (NP_998467) also encoded by 9 exons. 
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Figure 3.2. Unrooted Neighbour-Joining Tree of RRM-containing protein sequences in 
Zebrafish. Zebrafish A1, A3 and A0 were classified into A subfamily whereas the type AB 
subgroup had more similarity with subgroup D and therefore showed as a member of the AB-D 
subfamily (refer to Akindahunsi et al., 2005). Dr: Danio rerio; Msi: Musashi.  
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Figure 3.3. Comparison of the conserved domain structure of RNA binding proteins in 
zebrafish. Subgroups D and AB have a CBFNT domain at the N terminus and share a common 
structure with the A subgroup which is characterized by 2 tandem RRMs followed by a GRD. 
Musashi- and SR subgroup also share a RRM domain. CBFNT: CArG box-binding factor domain, 
CArG:CC (A+T-rich)6 GG motif; RRM: RNA recognition motif; GRD: glycine/arginine-rich domain; 
SR: serine/arginine-rich domain. 
 
Results 
 
3.2. Comparison of hnRNPs in fish and other vertebrates 
 
To investigate the evolutionary relationship between other fish and higher vertebrates, I 
compared zebrafish (Danio rerio), fugu (Takifugu rubripes), green spotted puffer fish 
(Tetraodon nigroviridis), medaka (Oryzias latipes), salmon (Salmo salar) as well as rat 
(Rattus norvegicus) and human (Homo sapiens) hnRNP protein sequences by using 
ClustalX for alignment and NJ-Prot for drawing a Neighbour-joining tree (Fig. 3.4). To 
investigate conserved sequences among fish species and other vertebrates, the 
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phylogenetic analyses were also run using the sequences for the RRMs and GRDs. 
Phylogenetic analysis of multiple hnRNP A/B protein sequences between fish species 
and other vertebrates showed that hnRNPs A1, A3, A0 and type AB were 
well-conserved, especially in the RRM regions (Fig. 3.5a), but the GRD had low 
identity (Fig. 3.5b) between fish species and other higher vertebrates. Although some 
protein databases list A2 in fish species, those classed as A2 were more similar to 
mammalian hnRNP A1 in terms of their primary structure. The orthologs of mammalian 
hnRNP A2 has not been found in fish (Akindahunsi et al., 2005). 
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Figure 3.4. Neighbour-Joining tree of hnRNP proteins of human, rat and several fish 
species. The numbers show bootstrap values (out of 1000 repeats) aligned by ClustalX and 
drawn by NJplot. Most hnRNP A/B orthologs are shared by zebrafish and other fish species, but 
orthologs corresponding to vertebrate hnRNP A2 have not been found in fish. Dr: Danio rerio 
(magenta); Fg: Takifugu rubripes (light green); Gl: Gallus gallus; Hs: Homo sapiens; Md: Oryzias 
latipes (purple); Rt: Rattus norvegicus; Sl: Salmo salar (yellow); Te: Tetraodon nigroviridis 
(green); Xl: Xenopus laevis.  
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Figure 3.5. Phylogenetic analysis of the RRM and GRD sequences. a) Unrooted 
Neighbour-Joining Tree of RRMs of zebrafish and other species. The RRMs are highly 
conserved in each subgroup among fish and other vertebrates. b) Unrooted Neighbour-Joining 
Tree of the GRDs in the species indicated. The GRD of hnRNP A3 and AB are conserved among 
fish and higher vertebrates whereas the GRD of hnRNP A1, A0 are diverse Dr: Danio rerio 
(magenta); Fg: Takifugu rubripes (light green); Gl: Gallus gallus; Hs: Homo sapiens; Md: Oryzias 
latipes (purple); Rt: Rattus norvegicus; Sl: Salmo salar (yellow); Te: Tetraodon nigroviridis 
(green); Xl: Xenopus laevis.; Fish_: fish species; Vert_: higher vertebrates. The regions of RRM 
and GRD were based on that of human hnRNP aligned by ClustalW with default parameter.  
 
3.3. Comparison of human and zebrafish hnRNP A1 
 
Human and zebrafish hnRNP A1 protein sequences were obtained from GenBank; there 
are 2 transcripts of human A1 resulting from alternative splicing, A1a (NP_002127) is 
the major isoform and A1b (NP_112420) is the minor isoform, which includes exon 8. 
There are two A1 proteins of different sizes in zebrafish; one contains 422 amino acid 
residues (NP_956398) and the other is 388 residues long (NP_956789). These proteins 
are likely to be encoded by separate genes and not to arise from alternative splicing. 
Human A1s have two RRMs and a GRD which contains RGG boxes (Arg-Gly-Gly 
repeats, which have typically arginine-glycine repeats although certain glycines were 
irregularly replaced by other residues and an M9 region, a nuclear import signal (Siomi 
and Dreyfuss, 1995). Certain arginine residues located in the RGG boxes in human 
hnRNP A1 have post-translational modifications such as methylation which have been 
postulated to have an important role for nucleocytoplasmic localization (Rajpurohit et 
al., 1994, Nichols et al., 2000). More recently, the finding that both methylated and 
unmethylated pools of endogenous hnRNP A2 are confined to the nucleus of 
transformed human and rat cells indicates that nuclear localization is independent of 
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methylation (Friend et al., 2013). The zebrafish A1s also share these main structural 
features (2 RRMs followed by a GRD), but the methylation status of arginine residues 
within the RGG box region is unknown. A heat map sequence similarity analysis 
(Skarshewski et al., 2014, Han et al., 2010a) showed that the shorter A1 of zebrafish has 
similar region to that of human M9 (Fig. 3.6). 
 
 
 
Figure 3.6. Comparison of the human and zebrafish hnRNP A1 orthologs. a) Domain 
organisation of hnRNP A1. Human and zebrafish A1 orthologs have two RNA recognition motifs 
and a single GRD. b) Heat maps of sequence similarity between human A1b and zebrafish A1s 
(Skarshewski et al., 2014). Zebrafish A1 (388aa) has a recognisable M9 sequence, but the 
longer A1 (422aa) has lower identity in this region. RRM: RNA recognition motif; RNP: 
ribonucleoprotein consensus sequence; GRD: glycine/arginine-rich domain; red bar: RGG box 
(arginine-glycine repeat); M9: nuclear import/export signal; Dotted circle: RGG boxes (5 out of 6) 
which include dimethylated arginines (Friend et al., 2013). The dotted rectangles indicate the M9 
sequence. 
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A BLAST search showed that the zebrafish A1s are very similar to the human A1b 
isoform that is a minor form among the higher vertebrates. A pair-wise analysis by 
ClustalW showed that the overall identity of peptide sequences between human A1b 
and zebrafish A1422 is 63.0% and zebrafish A1388 is 70.0% identity (Fig. 3.7). Moreover, 
the full length of zebrafish A1388 has much higher similarity with human A1b than does 
the A1422 isoform. The similarity of the RRM region between human A1b and zebrafish 
A1422 is more evident than the A1388 although the A1388 has higher similarity with 
human A1b when the GRD is compared independently.  
 48 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.7. Pairwise alignment comparison of human and zebrafish A1 protein and protein domains. Light blue bars represent the percentage 
of primary sequence Identity, dark blue bars show that of sequence similarity and white bars show that of the gap between human and zebrafish, 
D.A1 (422): zebrafish hnRNPA1422; D.A1 (388): zebrafish hnRNPA1388; H.A1a:human hnRNP A1a (320aa); H.A1b: Human A1b (372aa) which is 
minor isoform and has alternative exon 8. H.A1b is much similar to both zebrafish A1s at protein level than H.A1a. Furthermore, D.A1 (388) shares 
higher similarity with H.A1b than D.A1 (422) does in full length A1. RRM: RNA recognition motifs; GRD: glycine/arginine-rich domain.  
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To investigate whether exon 8 of human A1b is conserved among other fish species, I 
used an alignment similarity tool (Skarshewski et al., 2014)) querying each A1 protein 
against the human A1b protein. From this analysis the corresponding region of exon 8 
of human A1b is relatively conserved with the other fish species (Fig. 3.8). Although 
the GRD of A1 shows sequence conservation in the other fish species (exon 8 of human 
A1b) some of them were more similar to human A1a when each A1 protein sequence 
was compared by pairwise alignment analysis against human A1a and A1b (Table 3.1). 
The A1s of zebrafish, salmon and frog were more similar to human A1b whereas the 
A1s of the other fish species were more similar to human A1a. 
 
Figure 3.8. Alignment similarity of A1 proteins. Heat map (Skarshewski et al., 2014) 
produced by querying each A1 fish species protein sequence against the human A1b protein 
sequence. Bar shows the region encoded by the corresponding region of human A1b alternative 
exon 8 except rat peptide. Rat bars showed the encoded regions by exon 7 and exon 9, 
respectively. 
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Table 3.1. Comparison of human hnRNP A1 with other species. Both zebrafish A1s have 
higher similarities with human A1b than human A1a. Salmon and frog A1 also share more 
similarity with human A1b than human A1a. Dr: Danio rerio (zebrafish); Sl: Salmo salar (salmon); 
Fg: Takifugu oblongus (fugu); Te: Tetraodon nigroviridis; Md: Oryzias latipes (medaka); Xl: 
Xenopus laevis; Rt: Rattus rattus (rat). 
 
Discussion 
The bioinformatic analysis in this thesis supports the earlier bioinformatic study, which 
determined that zebrafish and other fish species share several orthologs with the 
mammalian hnRNP A/B proteins including A1, A3, A0 and type AB, but not with A2 
(Akindahunsi et al., 2005) (Fig. 3.4). To date, no A2 ortholog has been found in a 
variety of fish species for which the complete genome sequence is available, including 
medaka, takifugu, and green spotted puffer fish. 
I detected two different hnRNP A1 proteins in zebrafish, both with high similarities in 
primary structure with human A1b (Fig. 3.7). Although the human hnRNP A1b is a 
minor form that has arisen from alternative splicing of A1a, two different A1 proteins in 
! Human!A1a! ! Human!A1b!
! Identity!(%)! Similarity!(%)! Gap!(%)! ! Identity!(%)! Similarity!(%)! Gap!(%)!
Dr_A1422! 54.9! 61.6! 29.4! ! 63! 70! 20!
Dr_A1388! 61.3! 68.5! 18.5! ! 70.1! 77.4! 9!
Sl_A1! 62.8! 68.9! 20.4! ! 67.7! 73.4! 12.4!
Fg_A1! 61.2! 68.4! 20.3! ! 52.3! 59.2! 31.9!
Te_A1! 63! 72.4! 16.8! ! 62.8! 71.2! 16.6!
Te_A2! 48.4! 54.4! 40.3! ! 41.7! 46.8! 48.7!
Md_A2_329! 66.1! 74.9! 13.4! ! 65.8! 74! 12.5!
Md_A2_335! 67.6! 76.3! 12.4! ! 66! 74! 14.1!
Xl_A1! 64.3! 67.7! 24.2! ! 71.9! 75.3! 15.1!
Rt_A1! 99.7! 99.7! 0! ! 85.8! 85.8! 14!
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zebrafish seem to be encoded by different genes. The human hnRNP A1b is 
characterized by inclusion of alternative exon 8, the corresponding region of exon 8 is 
relatively conserved among fish A1s (Fig. 3.8). It showed that A1b represents the 
functional orthologs of the zebrafish A1s. An advanced investigation of zebrafish A1s 
will also provide insight into human A1b function that is still less studied, and result in 
the understanding of an evolutionary relationship with other vertebrates. 
When RRMs and GRDs were compared separately between fish species and other 
vertebrates, the primary structures of RRMs are highly conserved among all vertebrates 
whereas those of GRD in fish species are unique and diverged from other higher 
vertebrates (Fig. 3.5). This indicates that advanced investigation of post-translational 
modification sites in the GRD of zebrafish hnRNP A1 (Fig. 3.6b), especially the RGG 
boxes, might be helpful to classify the two zebrafish hnRNP A1s which I found in this 
work and may also help to find orthologs which play the role of hnRNP A2 in other 
vertebrates. 
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Chapter 4 
Characterisation of Zebrafish hnRNP A/Bs: Genes and 
Transcripts 
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Introduction 
The bioinformatic studies (see Chapter 3) identified two zebrafish hnRNP A1s of 422 
and 388 residues in length that have been named A1422 and A1388, respectively. 
Although there are two A1 isoforms in zebrafish, it is still not clear whether they are 
encoded by separated genes or raised by alternative slicing. I performed both Northern 
and Southern analysis to investigate these transcripts, and whole mount in situ 
hybridization to characterize these expression patterns. 
 
Results 
4.1. Northern blotting 
 
To determine the number of unique A1 transcripts, I designed specific primers for A1388 
and used the A1422 primers which were designed by Imam Cartealy in earlier work in 
our laboratory (Cartealy, 2008). I first tried DIG-RNA probes for Northern blotting but 
did not detect any signals with these probes. I therefore used [α-32P]-dCTP labeled DNA 
probes instead. The zebrafish β-actin1 mRNA signal was used as a positive control and 
showed an ~1.7 kb band which was in accord with its predicted size (NM_131031) 
whereas A1422 mRNA (NM_200104) predicted size is 1646 bp, and A1388 mRNA 
(NM_200495) predicted size is 1513 bp signals were visualized as unclear smears ~1.6 
kb (Fig. 4.1).  
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4.2. Southern blotting 
 
To investigate the copy number of both hnRNP A1s, zebrafish genomic DNA was 
digested with BglΙΙ, NcoΙ, individually and combination of BglΙΙ and NcoΙ. The 
predicted sizes of the A1422 DNA fragments were 20.3 kb, 6 kb, 5.9 kb and those of 
A1388 were 28 kb, 5.7 kb, 4.6 kb, respectively (Fig. 4.2). Both the DIG-labeled RNA 
probes and [α-32P]-dCTP labeling DNA probes did not detect any signals (images not 
shown). It is not clear why the Southern blot experiment failed. Possibilities include 
degraded genomic DNA, incomplete digestion of the DNA, incomplete transfer to the 
nitrocellulose filter, degradation of the probes and inefficient labelling of the probes. 
Unfortunately I did not have enough time to repeat this experiment.   
 
Figure 4.1. Northern blot of zebrafish 24 
hpf embryo RNAs. The blot was probed 
with [α-32P]-dCTP labeled DNA probes for 
β-actin1, hnRNP A1422 and hnRNP A1388. An 
indistinct smear was observed at 1.6~2 kb 
on zebrafish A1422 and A1388 probed lanes. 
Zebrafish β-actin1 was used as a positive 
control and detected a strong signal ~1.7 kb. 
!
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Figure 4.2. Predicted sizes of genomic fragments after digestion of zebrafish DNA with 
BglΙΙ and NcoΙ. The hnRNP A1422 (NC_007134) and hnRNP A1388 (NC_007122) gene 
sequences were obtained from GenBank. 
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4.3. Whole mount in situ hybridization of the hnRNP A1s in zebrafish embryo 
 
In previous work in our laboratory, Imam Cartealy experimented with whole-mount in 
situ hybridization of the hnRNP A1422 in 0-24 hpf zebrafish embryos (Cartealy, 2008). 
According to his results, at early embryonic stages the expression pattern of A1422 
mRNA was found at the animal pole. At 24 hours post fertilization, this expression was 
more localized in the brain and spinal cord. Similarly, I found that both hnRNP A1422 
and A1388 transcripts were highly expressed in active segmentation cells, except in the 
yolk at early stages (4-8 hpf) (Fig. 4.3 a-d, m-p). At later developing stages (15-24 hpf) 
(Fig. 4.3 e-h, q-t), the expression pattern was more localized to the brain (forebrain; 
midbrain: diencephalon; hindbrain: cerebellum), notochord area and the periphery of the 
optic vesicle except lens, (24-72 hpf) (Fig. 4.4). Although I could not observe an 
obvious distinction in the expression patterns of the two A1s; both were observed in the 
central nervous system but not in the cardiovascular system, digestive organs or lens 
(Fig. 4.4 b-e). 
  
 
 
57 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
!
 
 
Figure 4.3. In situ hybridization of A1422 and A1388 mRNA in zebrafish embryos at different 
developmental stages. The expression of hnRNP A1422: (a-l) and hnRNP A1388: (m-y) during 4 
hpf-72 hpf stage embryos was observed in the cells of the animal pole in early stages and 
localized to the central nervous system at later stages. a-l: negative controls using anti-β-actin1 
primers. Anterior view of 24 hpf embryo (h, t, H). br: brain; nc: notched; fb: forebrain; mb: 
midbrain; hb: hindbrain. 
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Figure 4.4. The localisation of hnRNP A1388 transcripts in zebrafish embryos. The 
expression of A1388 was observed in central nervous system. a) lateral view of 24 hpf embryos b) 
lateral view of 48 hpf c) dorsal view of 48 hpf d) lateral view of 72 hpf embryos. e) dorsal view of 
72 hpf embryos. f), g), h) lateral view of 24 hpf, 48 hpf, 72 hpf removed eyes, respectively. Arrow 
points to the lens seen as hallows in (e). No expression is seen in the heart and lens at 48 hpf 
and 72 hpf. T: Telencephalon, D: diencephalon, te: tectum, C: cerebellum, R: rhombencephalon, 
cs: pericardial sac, sp: spinal cord; mb: midbrain; hb: hindbrain. 
  
 
 
 
59 
Discussion 
To investigate the differences between hnRNP A1422 and A1388, zebrafish embryos were 
subjected to whole mount in situ hybridization for both A1 transcripts. Both A1 mRNAs 
had similar expression patterns; in animal pole cells at an early embryonic stage, and in 
localized brain and spinal cord at later developmental stages. Due to the unclear results 
of the Northern blot experiments, I could not find any corroborating information on any 
differences between the A1 transcripts. However, the primary sequence alignment of 
these two proteins shows they are encoded by separate genes and have not arisen by 
alternative splicing events. Previous work in our laboratory showed that hnRNP A1422 
had one transcript encoded by a single copy gene (Cartealy, 2008). Furthermore, 
knocked-down of hnRNP A1422 by morpholino injection resulted in abnormal 
phenotypes (see chapter 1.5). Unfortunately, I could not detect the hnRNP A1422 
transcript on a Northern blot. A discriminating probe is needed to reveal the gene copy 
number of hnRNP388 and to investigate the functional differences between hnRNP A1422 
and hnRNP A1388 by observation of the effect of knock-down and over-expression of 
these A1 isoforms. 
According to the result of whole-mount in situ hybridization, both A1s were expressed 
from the early stage during embryogenesis, and localized to the brain and notochord at 
the following stages. It showed that both A1s were critical for early embryogenesis and 
development of central nervous system. Several RNA-binding proteins including 
hnRNPs and SR proteins are known to be expressed at neural plate stages in Xenopus 
(Dichmann et al., 2008). In accord with the process the early embryogenesis in Xenopus, 
zebrafish hnRNP A1 is likely to be one of the RNA-binding proteins that has potential 
roles in RNA stability and transporting RNA to the cytoplasm at early developmental 
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stages (Dichmann et al., 2008). Although it was unclear that the differences of two A1s 
expression pattern in this study, as like other RNA-binding proteins, both A1s also 
likely to participate in the formation of central nervous system at the early 
developmental stages. 
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Chapter 5 
Proteomic Studies of Zebrafish hnRNP A/Bs 
!  
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Introduction 
According to the bioinformatic analysis, several orthologs of other vertebrates hnRNP 
occur in zebrafish (Howe et al., 2013). To detect and isolate the zebrafish hnRNP A/B 
proteins, I used a pull-down protocol followed by SDS-PAGE separation and mass 
spectrometry (MS) analysis to investigate the expression pattern in different 
developmental-stage embryos. 
 
Results 
5.1. Identification of hnRNP A/B binding protein using pull-down protocol 
 
5.1.1. Western blotting detection of 24 hpf pull-down proteins 
 
Using the pull-down protocol with immobilized A2RE and Telo4 magnetic beads 
(section 2.2.3. Isolation of pull-down proteins), the proteins isolated from zebrafish 
tissue homogenates were separated by SDS-PAGE and (a) transferred to a membrane 
for western blot analysis, or (b) stained by Coomassie blue G250, the bands were cut 
out and gel-extracted and then analysed by mass spectrometric peptide sequencing. As a 
positive control for pull-down of hnRNP A/B proteins and western blotting, pull-down 
proteins from 21-day old Wistar rat brain were isolated using the standard protocol 
(Hoek et al., 1998). Cultured HeLa cells were also used to isolate the hnRNP A/B 
proteins with the same protocol was used for 24 hpf wild-type zebrafish embryo 
homogenates. For Western blotting, primary antibodies raised in rabbit against hnRNPs 
A1, A2 and A3 (N-terminal and C-terminal peptide) as well as mouse hnRNP A1, were 
used and visualized by Alexa 680-conjugated goat anti-rabbit IgG and IRD-800 
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conjugated goat anti-mouse IgG, respectively (Fig. 5.1). Plentiful amounts of A1, A2 
and a lesser amount of A3 were detected by Western blotting from rat brain and HeLa 
cell homogenate in accord with previous work (Friend et al., 2013). Antibodies 
generated against human hnRNPs A1, A2, and A3 did not recognize any determinants 
on the zebrafish proteins. Although the zebrafish proteins were not detected using 
mammalian antibodies, there were several protein bands detected using Coomassie Blue 
G250 staining of the zebrafish proteins isolated from extracts. 
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Figure 5.1. Pull-downs of hnRNPs from zebrafish embryo lysate separated by 12% SDS-PAGE. Cell lysates were prepared from 24 hpf 
zebrafish embryos, total rat brain and HeLa cells. The hnRNPs were isolated using the Telo4 oligonucleotide and visualised by a) Coomassie Blue 
G250 staining. The bands from the zebrafish lane that were excised and extracted for MS analysis are indicated by dashed lines; b) Western blot of 
proteins binding to the Telo4 oligomer using antibodies against mouse hnRNP A1, labelled IRD 800-conjugated mouse IgG (green) and rabbit hnRNP 
A3 (C-terminal) labelled Alexa 680-conjugated rabbit IgG (red); c) detection of A1 using mouse anti-hnRNP A1; d) detection of A3 using rabbit 
anti-hnRNP A3 and e) detection of A2 using rabbit anti-hnRNP A2 labelled Alexa 680-conjugated rabbit IgG (red). The zebrafish proteins were not 
detected using mammalian antibodies. Several protein bands detected using Coomassie Blue G250 in the zebrafish were extracted and identified by 
mass spectrometric peptide sequencing. MW: molecular weight marker; Z: zebrafish whole cell lysate; R: Rat brain lysate; H: HeLa cell lysate. 
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5.1.2. One-dimensional electrophoresis isolation on developing stage embryos  
(15 hpf-72 hpf) 
 
The 24 hours post fertilization (hpf) pull-down protocol was used on different stage 
embryos, 15 hpf embryos (Segmentation stage), 24 hpf (Pharyngula stage), 2 day 
(Hatching stage) and 3 day embryos (Protruding-mouth stage) (Kimmel et al., 1995) 
(Fig. 5.2a). At each stage different patterns of bands were detected using Coomassie 
blue (Fig. 5.2b) followed by mass spectrometric peptide sequencing of the bands that 
were cut out from the gel (Table 5.1). The pull-down proteins from 15 hpf and 48 hpf 
embryos always stained faintly (a repeatable result reproduced more than 10 times) 
although the cell supernatant proteins (as defined at Section 2.2.2) were more plentiful 
at all stages (Fig. 5.2c). The peptides derived from hnRNP A1 were detected in the 37- 
42 kDa range on the SDS-PAGE gel, the AB proteins from 30-37 kDa and A0 from 25- 
30 kDa. The proteolytic-derived peptide fragments of two A1s and several A0s 
including A0-like were detected with high frequency in 24 hpf and 72 hpf stages. 
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Figure 5.2. Developmental stage-specific pull-downs of zebrafish hnRNPs. a) Panel 
showing images of developing embryos: 15 hpf (Segmentation stage), arrow head indicates eye 
primodium; 24 hpf (Pharyngula stage), moving and turning occasionally. 48 hpf (Hatching stage), 
arrow indicates heart area; 72 hpf (Protruding-mouth stage), Scale bar= 500µm. b) SDS-PAGE 
staining with Coomassie blue analysis of hnRNPs pull-downed with the Telo4 oligonucleotide 
loading 15 µl from 50 µl pull down from different developmental stages as indicated above each 
lane. Several bands (indicated by numbers) were excised and used for MS analysis. c) For 
comparison, the cell supernatant (1 µl diluted 1 in 10) for each developmental stage was 
analysed by SDS-PAGE and visualized by Coomassie Blue staining. MW: protein molecular 
weight ladder; 15h, 24h, 48h, 72h: pull-down proteins of 15, 24, 48 and 72 hpf zebrafish embryos, 
respectively; No-oligo: control sample lacking the Telo4 oligonucleotide. 
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Stage! Band! hnRNP! Amino!acid!size!
15h!  AB! 340aa!
24h!  A1! 388aa!(411aa),!422aa!
   A3! 234aa!
  A1! 388aa!(411aa),!422aa!
   AB! 309aa,!340aa!
  AB! 340aa!
   AB! 309aa!
   A0! ! 305aa,!314aa!
48h!  N!   
   AB! 340aa!
72h!  A1! 388aa!(411aa)!
  AB! 340aa!
  A1! 422aa!
   AB! 309aa!
  A0! 314aa!
   A0Slike! 299aa!
  A0! 305aa!
  N!   
 	 N! !   
  
 N! !   
 
Table 5.1. Summary of MS analyses from developmental stage-specific pull-downs. 
Several excised bands contained peptides corresponding to zebrafish hnRNP A/B. A1: 
approximately 34- 42 kDa bands; AB, A3: app. 34- 37 kDa bands; A0, A0-like: 30- 34 kDa bands; 
N: no peptides matched in Mascot to zebrafish proteins. 
 
5.1.3. Two-dimensional electrophoresis of 24 hpf and 72 hpf pull-down proteins 
 
In order to isolate each protein sequence in the bands containing multi-protein 
sequences on one-dimensional SDS-PAGE analysis, the pull-down protein samples 
were subjected to two-dimensional electrophoretic separation. To scale up the amount 
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of pull-down proteins, several batches of embryos from different days were used for MS 
analysis. I performed 2D PAGE separations several times and collected the 
corresponding spots of each gel (see supplementary section). I detected several 
orthologs, in accord with the molecular size isolated by one-dimensional electrophoresis 
(Fig. 5.3, Table 5.1). Several peptides that were annotated as derived from 
uncharacterized proteins on the MASCOT database, were matched with zebrafish 
hnRNPs in the Genbank and Ensembl databases. Although one of the uncharacterized 
proteins of 411 residues isolated from spot 1-3 (Fig. 5.3), was matched with zgc: 
66127-202 (Ensembl), its sequence differs in only 2 amino acid additions and 2 amino 
acid deletions compared to hnRNP A1388 (Genbank). This sequence also has extra 
peptides in its N-terminal region compared to those of zgc: 66127-201 (Ensembl) (Fig. 
5.4). In Ensembl, zgc: 66127 is annotated as hnRNP A1, which has 2 transcripts, one 
coding a protein of 411 residues and the other 388 residues. Since peptides were 
detected that are common to both A1s (411aa and 388aa), it is not possible to 
distinguish between the two A1s (described as 388aa (411aa) on Table 5.2). According 
to the high sequence similarities between the Genbank and Ensembl sequences, both 
databases can be considered to show the same A1. The type AB peptides were detected 
in spots distributed between pH 6-7. The A0 and A0-like peptides were observed over a 
size range of 30-37 kDa and a pH range of 7 to 11 (Fig. 5.3, Table 5.2). A brain fraction 
from 21-day old Wistar rats was used as a positive control for two-dimensional 
SDS-PAGE separation, followed by Western blotting (section 2.2.3. Two-dimensional 
electrophoresis, Western blotting analysis and Fig. 5.5). 
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Figure 5.3. Two-dimensional PAGE of pull-downs using biotin-labelled Telo4 
oligonucleotide of 24 hpf and 72 hpf embryo lysates. Representative Coomassie Blue 
stained 2D-PAGE gels of 24 hpf pull-downs (a) and 72 hpf pull-downs (b). Several spots 
(numbered dotted ovals) were detected after 2D-PAGE using Coomassie Blue G250. These 
spots were excised and analysed by MS. 
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Stage Spot hnRNP 
Size  
(number of residues)  Stage Spot hnRNP 
Size  
(number of residues) 
24h 1 A1 388aa (411aa), 422aa  72h 1 A1 388aa (411aa), 422aa 
 2 A1 388aa (411aa), 422aa   2 N   
 3 A1 388aa (411aa), 422aa   3 N  
   A3 234aa         
 4 AB 340aa   4 AB 340aa 
 5 AB 309aa   5 N   
 6 AB 309aa   6 AB 309aa 
 7 AB 309aa   7 N   
 8 AB 309aa   8 A0-like 302aa 
   A0-like 302aa         
 9 A0-like 302aa   9 A0-like 302aa 
 10 A0-like 302aa   10 A0-like 302aa 
 11 A0 314aa, 305aa   11 A0 314aa 
   A0-like 302aa     A0-like 302aa 
 12 A0 314aa, 305aa   12 A0 314aa 
           A0-like 302aa 
 13 N    13 N   
         14 N   
 15 A1 388aa (411aa)   15 N   
   A0 314aa   16 N   
 17 N    17 A0-like 302aa 
           18 A0 314aa, 305aa 
 
Table 5.2. Summary of MS analysis of excised spots after separation by 2D PAGE of 24 
hpf and 72 hpf zebrafish embryo lysates. The detected peptides were matched with zebrafish 
hnRNPs in the Genbank and Ensembl databases. There were several isoforms that matched 
with hnRNP A1, AB, A0 and A0-like. N: no peptides matched to zebrafish proteins. 
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1) NP_956398.1: hnRNP A1422 
2) NP_956789.1: hnRNP A1388 
3) zgc:66127-202 
4) zgc:66127-201 
 
1) 1    ----MHQSHRQACGVARTEIVGRMSKEGQ-PREPEQLRKLFIGGLSFETTDDSLRAHFEQWGTLTDCVVMKDPNTKRSRG  75 
2) 1    -----------------------MSKEQQTPREPEQLRKLFIGGLSFETTDESLRAHFEQWGTLTDCVVMRDPNTKRSRG  57 
3) 1    MPPAITPKKEREAESAVSHRVTAMSKEQQTPREPEQLRKLFIGGLSFETTDESLRAHFEQWGTLTDCVVMRDPNTKRSRG  80 
4) 1    -----------------------MSKEQQTPREPEQLRKLFIGGLSFETTDESLRAHFEQWGTLTDCVVMRDPNTKRSRG  57 
&
1) 76   FGFVTYSSVDEVNASMDARPHKVDGRLVEPKRAVSREDSSKPFAHTTVKKIFVGGIKDDTEENHLRDYFDQFGKIEVVEI  155 
2) 58   FGFVTYSSVGEVDAAMDARPHKVDGRAVEPKRAVSREDSSKPGAHSTVKKMFVGGIKEDTDEEHLREYFGQFGKIDEVNI  137 
3) 81   FGFVTYSSVGEVDAAMDARPHKVDGRAVEPKRAVSREDSSKPGAHSTVKKMFVGGIKEDTDEEHLREYFGQFGKIDEVNI  160 
4) 58   FGFVTYSSVGEVDAAMDARPHKVDGRAVEPKRAVSREDSSKPGAHSTVKKMFVGGIKEDTDEEHLREYFGQFGKIDEVNI  137 
 
1) 156  MVDHKTGNKRGFAFVTFDDHDSVDRIVIQKYHTVNGHNCEVRKALSKQEM----ANTGRGGGGGGGGGGGNFNRYGNNGG  231 
2) 138  MTEKNSDKRRGFAFITFDDHDAVDRIVIQKYHTVNGHNCEVRKALSREGMNRVSMNSRGGRGGGGGSGGGNFGR------  211 
3) 161  MTEKNSDKRRGFAFITFDDHDAVDRIVIQKYHTVNGHNCEVRKALSREEMNRVSMNSRGGRGGGGGSGGGNFGRG-----  235 
4) 138  MTEKNSDKRRGFAFITFDDHDAVDRIVIQKYHTVNGHNCEVRKALSREEMNRVSMNSRGGRGGGGGSGGGNFGRG-----  212 
 
1) 232  YNNDFGGGGGGGNRDGYFGRGGRGNNFGGGGGGGGYGGGGDCYNNNNGFGGGGYGGG-GGNGGGSPGNYGGNRGYG--GG  308 
2) 212  -----GGGGGGGGYGGGYGGG------GGRGGGGGY-GGGDGYN--------GYGGGNGGYGGGGP-NYGGNRGYGSGGG  270 
3) 236  -----GGGGGGGGYGGGYGGG------GGRGGGGGY-GGGDGYN--------GYGGGNGGYGGGGP-NYGGNRGYGSGGG  294 
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4) 213  -----GGGGGGGGYGGGYGGG------GGRGGGGGY-GGGDGYN--------GYGGGNGGYGGGGP-NYGGNRGYGSGGG  271#
#
1) 309  GGGGHGYGNQGGGYGGGNSGGGGGGYNNYNNGNGNFGGGNFGGGGGGGGNSGGGGNYNDFGNYNSQQS-NYGPMKG-NFG  386#
2) 271  GGGGG-YGNQGGGY------GGGGGYDNYNN---NGGGGGGGGGNFGGGNFGGGGDYNDFGNYNNQSSSNYGPMKGGNYG  340#
3) 295  GGGGGGYGNQGGGY------GGGG-YDNYNN---N-GGGGGGGGNFGGGNFGGGGDYNDFGNYNNQSSSNYGPMKGGNYG  363#
4) 272  GGGGGGYGNQGGGY------GGGG-YDNYNN---N-GGGGGGGGNFGGGNFGGGGDYNDFGNYNNQSSSNYGPMKGGNYG  340#
#
1) 387  GGG-----RNSGPYGGGYGGGSSG-------SGGGGSGYGGGSGGRRF  422#
2) 341  GGGGGGGRSGGGPYGGGYGGGSGGGGGYGGGSGGGGGGYGGGSGGRRF  388#
3) 364  GGGGGGGRSGGGPYGGGYGGGSGGGGGYGGGSGGGGGGYGGGSGGRRF  411#
4) 341  GGGGGGGRSGGGPYGGGYGGGSGGGGGYGGGSGGGGGGYGGGSGGRRF  388#
#
Figure 5.4. Alignment of zebrafish hnRNP A1 isoforms using sequences deposited in GenBank and Ensembl databases. In Genbank, there 
are two A1s: one with 422 amino acid residues (A1422) and the other with 388 residues (A1388). The latter one is annotated as a zgc:66127 protein in 
Ensembl with two isoforms; one is 388aa residues (zgc:66127_201) and the other is 411aa residues (zgc:66127_202) which has extra 23 residues in 
N-terminal site.  
#
#
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Figure 5.5. Two-dimensional PAGE of Telo4 oligomer pull-down proteins from 21-day rat 
brain lysate. a) Coomassie Blue G250 detection. The spots predicted A1 were showed by green 
dot circles (the upper one is the hnRNP A1a [320 aa] and the other one is A1b [372 aa], that are 
identity with c), with A3 [379 aa] showed by red (identity with d) and A2 [341 aa] showed by blue 
(identity with e) respectively based on the following Western blot analysis. b) Western blot 
analysis of pull-downed proteins using rabbit anti-hnRNP A3 labelled Alexa 680-conjugated 
rabbit IgG (red) and mouse anti-hnRNP A1 labelled IRD 800-conjugated mouse IgG (green) 
antibodies. c) Detection of A1 with mouse anti-hnRNP A1. d) Detection of A3 with rabbit 
anti-hnRNP A3. e) Detection of A2 with rabbit anti-hnRNP A2. 
!
Chymotrypsin was used to cleave the pull-down proteins as it preferentially cleaves to 
the carboxyl side of the peptide bonds of tyrosine, leucine and phenylalanine, to 
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investigate the post-translational modifications of zebrafish hnRNPs. I obtained A0 (314 
aa and 305 aa) sequences from spot 12 in the 24 hpf extract (Fig. 5.3). The MS analysis 
identified two dimethylated arginines (DMAs) located in the GRD of hnRNP A0: A0314 
(GGRSGAPYPRGGGGGPGYGRGGYGGY) and A0305 
(SRGGGGGGYGRGGYGGSY) (shown in Fig.5.6). I also detected a series of fragment 
ions that match the peptide: 289-GGRSGAPYPRGGGGGPGYGRGGYGGY-314 in 
query 1634 (Table 5.3, Fig. 5.7) where arginines R10 (Arg-298) and R20 (Arg-308 in 
zebrafish hnRNP A0314) are dimethylated. The signal at m/z 46, which is diagnostic of 
asymmetric dimethylarginine (aDMA) results from the immonium ion of arginine 
(cleavage 3 in Fig. 5.8b) (Gehrig PM et al., 2004). It was also detected in the MS/MS 
spectrum for this peptide (Fig. 5.8a). Most hnRNP A proteins undergo post-translational 
modifications including dimethylation of arginines (Beyer et al., 1977) within the 
RGG-containing C-terminus (Liu and Dreyfuss, 1995, Henry and Silver, 1996). The 
yeast hnRNP-counterpart of mammalian hnRNP A1, Npl3p, has been shown to be 
methylated on certain arginines and that methylation status may influence the cellular 
localization of the yeast protein (Shen et al., 1998). Although I could not detect 
methylated arginine of the zebrafish A1s in this study, I was able to detect aDMAs in 
zebrafish A0. Further investigation is needed to determine the role of aDMAs in 
zebrafish hnRNPs. 
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Figure 5.6. Identification of hnRNP A0 (314aa) by LC-MS/MS. Liquid chromatography-MS/MS data of chymotrypsin-generated peptides were 
searched using MASCOT against the LudwigNR database limited to Danio rerio entries with oxidation (M) and dimethylation (R) as variable 
modifications. Matched peptides are shown in red on the zebrafish hnRNP A0 amino acid sequence. 
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Table 5.3. MS/MS fragment ions matched with zebrafish hnRNP A0. A series of fragment ions detected as query 1634 (on Fig.5.6) after digestion 
of spot 12 of 24hpf (Fig.5.3) by MS/MS that matched the proposed A0 peptide are shown in red. Yellow highlighted Rs (arginines) showed 
dimethylated arginine. 
# b b++ b* b*++ b0 b0++ Seq. y y++ y* y*++ y0 y0++ # 
1 58.0287 29.5180         G             26 
2 115.0502 58.0287         G 2386.1436 1193.5754 2369.1170 1185.0621 2368.1330 1184.5701 25 
3 271.1513 136.0793 254.1248 127.5660     R 2329.1221 1165.0647 2312.0955 1156.5514 2311.1115 1156.0594 24 
4 358.1833 179.5953 341.1568 171.0820 340.1728 170.5900 S 2173.0210 1087.0141 2155.9944 1078.5009 2155.0104 1078.0088 23 
5 415.2048 208.1060 398.1783 199.5928 397.1942 199.1008 G 2085.9890 1043.4981 2068.9624 1034.9848     22 
6 486.2419 243.6246 469.2154 235.1113 468.2314 234.6193 A 2028.9675 1014.9874 2011.9409 1006.4741     21 
7 583.2947 292.1510 566.2681 283.6377 565.2841 283.1457 P 1957.9304 979.4688 1940.9038 970.9556     20 
8 746.3580 373.6826 729.3315 365.1694 728.3474 364.6774 Y 1860.8776 930.9424 1843.8511 922.4292     19 
9 843.4108 422.2090 826.3842 413.6958 825.4002 413.2037 P 1697.8143 849.4108 1680.7877 840.8975     18 
10 1027.5432 514.2752 1010.5166 505.7620 1009.5326 505.2700 R 1600.7615 800.8844 1583.7350 792.3711     17 
11 1084.5647 542.7860 1067.5381 534.2727 1066.5541 533.7807 G 1416.6291 708.8182 1399.6026 700.3049     16 
12 1141.5861 571.2967 1124.5596 562.7834 1123.5756 562.2914 G 1359.6076 680.3075 1342.5811 671.7942     15 
13 1198.6076 599.8074 1181.5810 591.2942 1180.5970 590.8021 G 1302.5862 651.7967 1285.5596 643.2835     14 
14 1255.6290 628.3182 1238.6025 619.8049 1237.6185 619.3129 G 1245.5647 623.2860 1228.5382 614.7727     13 
15 1312.6505 656.8289 1295.6240 648.3156 1294.6399 647.8236 G 1188.5433 594.7753 1171.5167 586.2620     12 
16 1409.7033 705.3553 1392.6767 696.8420 1391.6927 696.3500 P 1131.5218 566.2645 1114.4952 557.7513     11 
17 1466.7247 733.8660 1449.6982 725.3527 1448.7142 724.8607 G 1034.4690 517.7381 1017.4425 509.2249     10 
18 1629.7881 815.3977 1612.7615 806.8844 1611.7775 806.3924 Y 977.4476 489.2274 960.4210 480.7141     9 
19 1686.8095 843.9084 1669.7830 835.3951 1668.7990 834.9031 G 814.3842 407.6958 797.3577 399.1825     8 
20 1870.9419 935.9746 1853.9154 927.4613 1852.9314 926.9693 R 757.3628 379.1850 740.3362 370.6717     7 
21 1927.9634 964.4853 1910.9369 955.9721 1909.9528 955.4801 G 573.2304 287.1188         6 
22 1984.9849 992.9961 1967.9583 984.4828 1966.9743 983.9908 G 516.2089 258.6081         5 
23 2148.0482 1074.5277 2131.0216 1066.0145 2130.0376 1065.5225 Y 459.1874 230.0974         4 
24 2205.0697 1103.0385 2188.0431 1094.5252 2187.0591 1094.0332 G 296.1241 148.5657         3 
25 2262.0911 1131.5492 2245.0646 1123.0359 2244.0806 1122.5439 G 239.1026 120.0550         2 
26             Y 182.0812 91.5442         1 
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Figure 5.7. MS/MS fragmentation view of query 1634. The sequence of peptide GGRSGAPYPRGGGGGPGYGRGGYGGY matched to query 
1634 (on Table 4) from zebrafish hnRNP A0. Fragment ions detected are annotated: b indicates fragments cleaved from N-terminal side and y those 
fragments cleaved from C-terminal side. b++ , y++ indicate doubly charged fragment ions. The identified peaks matched with fragment ions in Table 4 
are indicated by arrows and abbreviations b and y (referred to Friend et al., 2013). 
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Figure 5.8. Enhanced view of mass spectrum indicating fragmentation at m/z 46 in query 1634 (on Table 4). a) The signal m/z 46 
corresponding to dimethyl ammonium arose from arginine side chain fragmentation cleavage 3 in b. b) Arginine chemical structure and fragmentation 
residues. Me: methyl group; MMA: monomethylated arginine; aDMA: asymmetric dimethylated arginine; sDMA: asymmetric dimethylated arginine 
(Gehrig et al, 2004). 
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Discussion 
From the MS data, I detected two zebrafish A1s: one with 422 amino acid residues and 
the other with 388 residues according to Genbank. The latter is less clearly defined, 
because it is annotated as a zgc: 66127 protein in Ensembl with two isoforms; one is 
388 aa residues (zgc: 66127_201) and the other is 411 aa residues (zgc: 66127_202) 
which has extra 23 residues in N-terminal site compared to the 388 protein sequence 
(zgc: 66127_201) in the Ensembl database, although their overall sequence is quite 
similar to that of hnRNP A1388 Genbank sequence.  
I observed quantitative differences of hnRNP expression at the protein level during 
embryonic development: in 2-day embryos, protein levels of hnRNPs were less than 
those of day 1 and day 3 embryos. This observation suggests that A1s may play critical 
roles in embryogenesis since the expression levels may relate to their function and 
correlated with developmental stages. Moreover, in other species, hnRNP A1 was 
reported to be expressed at early embryonic stages. In Xenopus, there are two different 
A1 isoforms expressed which arose by alternative splicing at an early embryonic to 
adult stage (Kay et al., 1990), and also at the zygotic stage in mice, A1 is concentrated 
in the nucleus by active shuttling from the cytoplasm (Vautier et al., 2001). 
The MS experiment identified several type AB proteins that have a similar protein 
structure to the hnRNP D subfamily which are expressed in early stage embryos. For 
example, the homolog of type AB protein in Xenopus hnRNP (Samba) contains a 
CBFNT domain, which was reported to be expressed in neural crest tissue and may 
have a role in the neural crest cell migration in the tail bud stage (Yan et al., 2009), and 
also the 40 LoVe protein, which is a member of the A/B-D subfamily in Xenopus, has 
high affinity for RNA and the complex is associated with nucleocytoplasmic shuttling 
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activity during the oogenesis (Kroll et al., 2009). The type AB proteins may have roles 
in embryogenesis and associate with the localization of the complex of RNA-RNA 
binding proteins during early stage embryos because of detecting plentiful amounts of 
AB proteins in zebrafish as well. 
Unless the detected peptides were unique, I was unable to identify the specific isoforms 
from the MS results. The same peptides corresponding to individual zebrafish hnRNP 
isoforms were often detected in spots with different apparent molecular weights on the 
2D gels. This suggests that many of these proteins are modified by methylation, 
phosphorylation, or glycosylation, since these posttranslational modifications will 
change the size of the proteins. Further investigation of the modification sites also will 
help to understand the different sized isoforms of zebrafish hnRNP orthologs. 
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Introduction 
Bioinformatic analysis has revealed that zebrafish have several vertebrate orthologs of 
hnRNP A/B and share primary sequence similarities with human orthologs, including 
some of that are minor forms in other vertebrates. The MS data showed that zebrafish 
hnRNP proteins were expressed in early stage embryos, and conserved their 
post-translational modification sites in zebrafish. In order to provide insights into the 
roles and regulation of the zebrafish orthologs of hnRNPs A/B, I compared the 
secondary structural features and post-translational modifications of human and 
zebrafish orthologs. 
 
Results 
6.1. Investigation of glycine-rich domains in human and zebrafish hnRNPs 
 
The GRD of zebrafish A1s have a similar structural motif to that found in vertebrate 
A1s, consisting of strings of glycine residues (defined as three or more consecutive 
glycine residues) (Steinert et al., 1991). The glycine rich sequences are interrupted by 
regular occurrences of aromatic residues such as phenylalanine and tyrosine, which act 
as an organising backbone and stabilize the structure through hydrophobic interactions. 
The glycine rich domain also includes hydrophilic residues such as serine, asparagine 
and arginine. This glycine loop motif has been termed the omega loop (Ω) structure and 
is found in small group of proteins including certain RNA-binding proteins, loricrin and 
epidermal keratin end-domains (Steinert et al., 1991). The Ω glycine-rich sequences of 
zebrafish A1s (Fig. 6.1a) contain more glycine residues (A1422 has 56% and A1388 has 
62% glycine at the glycine-rich domain) than their human counterparts (A1a with 40% 
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and A1b with 45% glycine), and have longer Ω loops compared to zebrafish A0s which 
have short series of glycine residue in the Ω loops (Fig. 6.1.b). 
 
6.2. Identification of post-transcriptional modification sites in zebrafish hnRNPs 
 
The earlier schematic representation of the human hnRNP A1 GRD (Steinert et al., 
1991) was extended (Friend et al., 2013) to include the first two arginine residues that 
lie immediately outside of the second RNA-binding domain. In human A1, these 
residues, which contain one dimethylated arginine and one unmodified arginine 
(Arg-194 and Arg-196, respectively), play an important role in determining the binding 
affinity of single-stranded nucleic acids (Shamoo et al., 1994). The distinct differences 
in methylation pattern of arginine residues in A1, A2 and A3 and B1 is postulated to 
provide functional differences between the hnRNP A/B paralogs (Friend et al., 2013). 
Using the same conventions, I have represented schematically the Ω glycine-rich 
sequences found in zebrafish hnRNPs isolated in this study (see Chapter 5.1.1), and 
compared them with human hnRNP A1 (Fig. 6.1a). 
Since five out of the six arginines located at near the top of the Ω loops within the RGG 
box region in human hnRNP A1, are dimethylated (Friend et al., 2013), it is likely that 
some of the arginines of zebrafish hnRNPs are also dimethylated. I therefore used MS 
analysis of chymotrypsin digest products (section 2.2.3 mass spectrometry analysis) to 
investigate whether the arginines within the GRD of zebrafish hnRNP A1 are 
methylated. I was able to detect peptides from the RRM regions of zebrafish hnRNP 
A1422 and hnRNP A1388 but not for the glycine-rich domain. Therefore, I was unable to 
determine the methylation status of arginine residues within this region. However, I was 
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able to detect peptides for both zebrafish A0s and identify dimethylation of arginine 
sites (Arg-298 and Arg-308 in zebrafish hnRNP A0314, and Arg-289 and Arg-298 in 
zebrafish hnRNP A0305) (Fig. 6.1b). 
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a) 
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b) 
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c) 
 
 
Figure 6.1. Schematic showing possible secondary structure of the GRD. a) Comparison of the C-terminal glycine loops (Steinert et al., 1991; 
Friend et al., 2013) of human and zebrafish hnRNP A1. Note that the indicated arginines (*) of human A1 are located mostly at the top of loops and 
are dimethylated (yellow arrowhead). b) Comparison of the C-terminal GRD of zebrafish hnRNP A0 with enlarged views of glycine-rich tails included 
dimethylated arginine sites (red arrowhead). c) The glycine loop of human hnRNP A2. Non-methylated arginine sites pointed by blue arrowhead and 
the dimethylated arginine pointed by yellow arrowhead. The dashed lines show the region coded by extra exon 8 of human A1b. Large letters: 
aromatic or aliphatic residues; alanine (A), methionine (M), phenylalanine (F), tyrosine (Y); Small filled circles: polar residues; serine (S), asparagine 
(N), aspartic acid (D), arginines (R), glutamine (Q); Small unfilled circles: glycine (G) or non-polar residues; R✽: dimethylated arginine (refer to Friend 
et al., 2013). 
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6.3. Comparison of human and zebrafish hnRNP A0. 
 
The sequences for human and zebrafish hnRNP A0s were obtained from GenBank and 
aligned (Fig. 6.2). Human hnRNP A0 (NP_006796.1) has several reported modification 
sites: phosphorylated serine (Ser-84 and Ser-188) (Rousseau et al., 2002, Rikova et al., 
2007) and tyrosine (Tyr-180) (Rush et al., 2005), and dimethylated arginine (Arg-291) 
(Ong et al., 2004). Interestingly, these modification sites are not conserved in the 
zebrafish A0s and are replaced by other amino acids, except for the dimethylated 
arginines at positions Arg-298 and Arg-308 in zebrafish hnRNP A0314 and Arg-289 and 
Arg-298 in zebrafish A0305 (Fig. 6.2). 
Although hnRNP A0 is a minor component of the human hnRNP particle ((Beyer et al., 
1977, Myer and Steitz, 1995) and is less studied than the other hnRNP A/Bs, it appears 
to be a major isoform in zebrafish. In this study, I detected two dimethylated arginine 
sites at the carboxyl-terminal end of the glycine-rich domain in zebrafish A0s (R-298 
and R-308 in zebrafish hnRNP A0314, and R-289 and R-298 in zebrafish hnRNP A0305) 
(Fig. 5.6 and Table 5.3). One of the methylated arginines of the GRD in zebrafish A0 is 
also methylated in human A0. The equivalent residue of the dimethylated arginines 
(R-298 and R-289 of hnRNP A0314 and hnRNP A0305 respectively) is conserved in 
human A0 (R-291)(Ong et al., 2004). Interestingly, the methylated arginines on the 
other human hnRNP A/Bs are located at the amino-terminal side of the glycine-rich 
domain. Since I did not detect any peptides covering the amino-terminal RGG 
sequences in zebrafish, I was not able to determine the methylation status of arginines in 
that region. The post-translational methylated arginine sites are discussed in chapter 5. 
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a) 
 
 
b) 
 
1) human hnRNP A0305 (NP_006796.1) 
2) zebrafish hnRNP A0314 (NP_999871.1) 
3) zebrafish hnRNP A0305 (NP_997810.1) 
 
1) 1    ----MENsQLCKLFIGGLNVQTSESGLRGHFEAFGTLTDCVVVVNPQTKRSRCFGFVTYSNVEEADAAMAASPHAVDGNT  76 
2) 1    M-SEME--KLCKLFVGGLNVQTTNDGLRSYFEQFGNLTDCVVVQNDQLQRSRCFGFVTYSTSEEADAAMAARPHVVDGKN  77 
3) 1    MtAQMEN-QLCKLFVGGLNVQTTDDGLRNHFEQYGKLTDCVVVQNQQLKRSRCFGFVTYSSPDEADSAMSARPHILDGNN  79 
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1) 77   VELKRAVSREDSARPGAHAKVKKLFVGGLKGDVAEGDLIEHFSQFGTVEKAEIIADKQSGKKRGFGFVYFQNHDAADKAA  156 
2) 78   VEVKRAVAREDAGRPEALAKVKKIFVGGLKDDIEEKDLTEFFSQFGMIEKSEVITDKDTGKKRGFGFVHFEDNDSADKAV  157 
3) 80   VELKRAVAREDAGKPEALAKVKKIFIGGLKDDIEEDHLRDCFSQFGAVEKAEVITDKETGKKRGFGFVYFEDNDSADKAV  159 
 
1) 157  VVKFHPIQGHRVEVKKAVPKEDIYSGGGGGGsrsSRGGRGGrGRGGGRDQNGL-SkGGGGGYNSYG------------GY  223 
2) 158  VLKFHMINGHKVEVKKALTKQEIQAAGGARG---GR-GRGG-GRGMGRNQNGFgG-GRGGGYGGYGgGYGGGYGGNDgGY  231 
3) 160  VLKFHMINGHKVEVKKALTKQEMQAAGSRGG---GRGGRGG-GRGMGRPQNGY-G-GRGGGYGNYG---GGGYGGND-GY  229 
 
1) 224  G   GGGGGGYNAYGGGGGGSSY-GGSDYGNGFGGFGS-YSQHQSSYGPMKSGG[6]S--SWGG--RSNSGPYRGGYG--  295 
2) 232  G[5]GGYGGGYGGGYGGGYGEQM-GGYGGGNDYSDFGSGYGQQSSGYGPMK---   GgnTYGG--RSGAPYPRGGGG--  302 
3) 230  G    GGYGGGYGGGYGGGYGDQM-EGYGGGNGYNDFGSGYGQQSSGYGPMK---   G--NYSG--RSNAPYSRGGGG--  293 
 
1) 296  -G-G---GGYGGSsF  305 
2) 303  -GpGYGRGGYGG--Y  314 
3) 294  -G-GYGRGGYGGS-Y  305 
 
Figure. 6.2. Comparison of human and zebrafish hnRNP A0 orthologs a) Domain organisation of hnRNP A0. Human and zebrafish A0s have two 
RNA recognition motifs followed by a glycine-rich domain. b) Alignment of comparison between human hnRNP A0 and zebrafish A0s: 1) human 
hnRNP A0305 (NP_006796.1); 2) zebrafish hnRNP A0314 (NP_999871.1); 3) zebrafish hnRNP A0305 (NP_997810.1) from GenBank. Grey shade: RRM 
regions; _: Phosphorylated sites in human A0; R: Dimethylated arginine sites. 
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Discussion 
The Ω loop sequences found in the glycine-rich domain of zebrafish hnRNP proteins 
contain several post-translationally modified residues such as methylation of certain 
arginines as seen in human hnRNPs A/B (Friend et al., 2013). I was able to obtain 
unequivocal evidence for post-translation modification of sites in zebrafish A0s 
although I was unable to detect modified arginines in the zebrafish A1 isoforms. It is 
likely that the amounts of A1 protein isolated from zebrafish were not sufficient to 
identify these residues or alternatively, the zebrafish A1 proteins may have unique 
modification sites with different mass sizes. If so, the predicted size masses which I 
examined may be different from the real hnRNP peptides after cleavage by trypsin and 
chymotrypsin. 
The Ω loop sequences of zebrafish hnRNP A1s (Fig. 6.1a) contain more glycine 
residues than their human counterparts. It has been suggested that serial glycine repeats 
give these loops added flexibility (Kiledjian and Dreyfuss, 1992) and allows them to 
compress and adopt a compact formation (Steinert et al., 1991). The extended glycine 
loops allow the GRD to bind interactors, either protein or RNA, more readily by 
extending a movable binding surface. It is of interest that the methylated arginines of 
both zebrafish hnRNP A0s (this study) and human A0 (Ong et al., 2004) are located 
towards the carboxyl-terminal of the glycine-rich domain (Fig. 6.1b), whereas the 
modified arginines of the human hnRNP A/Bs are located at amino-terminal end (Fig. 
6.1c) of the GRD (Friend et al., 2013). This suggests that hnRNP A0 may be 
functionally distinct from other hnRNPs. It was predicted that the different 
post-translationally modified sites impart different roles and capabilities onto these 
hnRNPs. Rousseau et al., showed that mouse hnRNP A0 has a unique phosphorylation 
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site (Ser-84) that is not in other hnRNP A/Bs (Rousseau et al., 2002, Rikova et al., 
2007). Ser-84 is phosphorylated by mitogen-activated protein kinase-activated protein 
kinase (MAPKAPK)-2, and is associated with enhanced binding of A0 to a target 
mRNAs such as inflammatory mediator including Tumour Necrosis Factor-(TNF-) 
and Cyclooxygenase 2 (COX-2) (Rousseau et al., 2002). Phosphorylation of Ser-84 in 
human hnRNP A0 (Fig. 6.2a) is required to form a complex with the Growth arrest and 
DNA-damage-inducible protein GADD45   (Gadd45  ) mRNA. GADD45α 
participates in the progression of the cell cycle when DNA is damaged. The 
phosphorylation of Ser-84 is needed to form the complex with their target RNAs and 
functions to control cell cycle check point, and to stabilises the target mRNAs 
(Reinhardt et al., 2010). 
Ser-84 of human hnRNP A0 is located within the linker region between RRM1 and 
RRM2 (Fig. 6.2a). This region is postulated to play an important role in specifying 
RNA contact (Xu et al., 1997). An alignment of the linker regions of hnRNP A0s (Fig. 
6.3) revealed that the equivalent of the human Ser-84 residue is conserved in higher 
vertebrates (mouse, chicken and frog) but not in fish. The Ser-84 residue is replaced by 
alanine in fish species (zebrafish, fugu and salmon) and interestingly also in human 
hnRNPs A1, A2 and A3. Notably, zebrafish A1s also have the equivalent Ser-84 (Fig. 
6.4). The linker regions of the zebrafish A0 isoforms were more similar to human A2 
than those of human A1, A3 and A0. If the linker region participates in specifying RNA 
binding affinity, then the zebrafish A0s may target the same RNAs as does human A2, 
arguing that the role of A2 is performed by the A0 isoforms in fish. 
Further support for the notion that A0 may share sequence similarity with A2 comes 
from Myer and Steitz (1995) who generated an antibody against human A0 and showed 
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that it also recognized human A2/B1, but not A1 (Beyer et al., 1977, Myer and Steitz, 
1995). A comparison of the primary sequences of human A0 and A2/B1 showed that the 
M9 region of the A0 protein had a higher level of similarity with the A2 than that of A1. 
The M9 nuclear import signal is relatively well-conserved across several species 
including Drosophila, and plays a role in determining the cellular distribution of the 
hnRNP A/Bs (Zu et al., 1998). The M9 regions of zebrafish A1s shared some features 
with human A2. This suggests that zebrafish A1s are similar in their cellular 
localization behaviour to human A2. A comparison of the secondary structure between 
of A2 and zebrafish A0 revealed that the carboxyl-terminal of glycine-rich domain 
shares some features of the Ω loops, in particular the type of aromatic residues used. For 
both A2 and A0, tyrosines form the aromatic backbone of the Ω loop, which are 
interrupted by short series of glycine residues (Fig. 6.1c). It would seem that to have a 
common structural motif may be more important for specifying function of these Ω 
loops than the primary sequences itself (Steinert et al., 1991). 
Although the modified arginine sites of the other zebrafish hnRNP A/Bs are still 
uncertain, zebrafish A0 is postulated to have important roles including serving as a 
target RNA stabilizer (Dean et al., 2004) and post-translational regulation of a 
distinguishing phosphorylation site from other hnRNPs (Rousseau et al., 2002). In 
support of the significance of hnRNP A0, 2D-PAGE shows plentiful expression of 
zebrafish A0 compared to the other hnRNP A/Bs (spots 10, 11 and 12 on Fig. 5.3, Table 
5.2). 
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1) 74   DGKNVEVKRAVAREDAGRPEALAKVKKIFVGGLKDDIEEKDLTEFFSQFGMIEKSEVITDKDTGKKRGFGFVHFEDNDSA  153 
2) 76   DGNNVELKRAVAREDAGKPEALAKVKKIFIGGLKDDIEEDHLRDCFSQFGAVEKAEVITDKETGKKRGFGFVYFEDNDSA  155 
3) 73   DGNTVELKRAVSREDSARPGAHAKVKKLFVGGLKGDVAEGDLIEHFSQFGTVEKAEIIADKQSGKKRGFGFVYFQNHDAA  152 
4) 73   DGNTVELKRAVSREDSARPGAHAKVKKLFVGGLKGDVAEGDLIEHFSQFGAVEKAEIIADKQSGKKRGFGFVYFQSHDAA  152 
5) 73   DGNSVELKRAVSREDSAKPGAHAKVKKLFVGGLKGDVGEGDLVQHFSQFGPVEKAEIIADKQSGKKRGFGFVYFQNHDAA  152 
6) 78   DGNNVELKRAVSREDSARPGAHAKVKKLFVGGLKEEVGESDLLEHFSQFGPVEKVEVIADKLTGKKRGFGFVYFNSHDSA  157 
7) 125  DGNPVEVKRAVAREDAGKPEALAKVKKIFVGGLKDDTEDNHLLEHFSQFGEIEKAEVISDKDSGKKRGFGFVYFVDQDSA  204 
8) 72   DGNNVELKRAVAREDAGKPEALAKVKKIFIGGLKEDIEDEHLSEYFSQFGTIEKAEVISDNQTGKKRGFGFVYFEDYDSA  151 
 
1) 154  DKAVVLKFHMINGHKVEVKKALTKQEIQAAGGARG   GRG-RGG--GRGMGRNQ-NGFgGGRG-GGYGG[6]GGyGGND  228 
2) 156  DKAVVLKFHMINGHKVEVKKALTKQEMQAAGSRGG   GRGGRGG--GRGMGRPQ-NGY-GGRG-GGYGN[3]GGyGGND  227 
3) 153  DKAAVVKFHPIQGHRVEVKKAVPKEDIYSGGGGG-[4]SRGGRGGR-GRGGG----RDQ-NGLSKGG---   ---GGGY  217 
4) 153  DKAAVVKFHPIQGHRVEVKKAVPKEDIHAGGGGAR[7]GGRGRGGG-GGGGG----RDQ-NGLAKGGGGG   ---GGGY  224 
5) 153  DKAAVVKFHPIQGHRVEVKKAVPKEDIQAGGGGS-[3]SRGGRGGGrGRGGGGSGnRDH-NGLSKG----   ---GGGY  220 
6) 158  DKAAVVKFHSVNGHRVEVKKAVPKEELSQGSNRSF   -RGGRGGR-GRGGGGPP-RDY-NGIS-GS---    ---GGNP  220 
7) 205  DKSVVIKFHTINGHKVEVKKALTKQELQAAGRGGM   MPRGRGR--G-GMRGNQ-NGY-GNRDYGGNYN[3]GG----- 271 
8) 152  DKAVVLKFHHINGHKVEVKKALTKQEMQAAGTR-G   GRG----------GRFQ-NGY----G-GGYG-   GGyGGSD  207 
 
1) 229  gGYG[5]GGYGGGYGGG   ----YGGGYGEQMGGYgGGNDYSDFGSGYGQQSSGYGPMK---GGNTYGGRSGAPYPRG-  299 
2) 228  g-YG   GGYGGGYGGG   ----YGGGYGDQMEGYgGGNGYNDFGSGYGQQSSGYGPMK---GN--YSGRSNAPYSRG-  290 
3) 218  -NSY   GGYGGGGGGG[4]GGGGGGSSYGG-SD---YGNGFGGFGS-YSQHQSSYGPMKsggGGGGGGSSWGGRSNSGP  289 
4) 225  -NSY   GGYGGYGAYG   GGGGGGGSYGG-SD---YGNGFGGFGS-YSQHQSSYGPMKsggGGGGGGS -WGGRSNSGP  291 
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5) 221  -NSY   GGYGGGGGGG[4]GGGSYGGGGGG-GD---YGNGYGGFGS-YSQHQSSYGPMKsggGGGGGGGNWGGRSNSGP  292 
6) 221  -AFG   GGYGGGYGGG[2]GYSSYGGGYAEPSD---YGNGYNSFGN-YSQHQSSYGPMK-----GAGSGNWNRPNTSGP  286 
7) 272  -GYN[1]GGYGGGYGGP   ----YGGGYSDQGSGYgGGNGYNDYGSGYAQHSSGYGPMK---TP--FGQRSGAPYSRGG  336 
8) 208  ----   GGYGVGYSGG   ----YGGSYGDQMGGY-GGNGYSDFGGGYSEQSSNYGPMK---GN--YSGRSSAPYTRG-  266 
 
1) 300  -------GGGGpGYGRG-GYGG--Y  314 
2) 291  -------GGGG-GYGRG-GYGG-SY  305 
3) 290  YRG-GYgGGGG--------YGGSSF  305 
4) 292  YRG-GYgGG----------YGGGSF  305 
5) 293  YRG-GY-GGGG--------YGGGSF  307 
6) 287  YRG-GY-GGGG-GYGGGsSYGGGSF  308 
7) 337  GGGgGGgGGGG-GYPRG-GYGG-GY  358 
8) 267  -------GG---GYGRG-GYDG-AY  279 
 
Figure. 6.3. Alignment of comparison of zebrafish A0s against human, mouse, chicken, Xenopus, fugu, salmon A0s. 
1) zebrafish hnRNP A0314 (NP_999871.1); 2) zebrafish hnRNP A0305 (NP_997810.1); 3) human hnRNP A0 (NP_006796.1); 4) mouse hnRNP A0 
(NP_084148.1|); 5) chicken hnRNP A0 (XP_414620.2); 6) Xenopus laevis hnRNP A0 (NP_001082414.1); 7) fugu RNA-binding protein 34-like 
(XP_003970685.1); 8) salmon hnRNP A0 (ACI33973.1); Grey shade: RRM regions; S: the site of phosphorylated serine; A: the site replaced by 
alanine in fish species; R: arginine located at first or second glycine loops. 
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1) 1   [ 2]KSESPKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDCVVMRDPNTKRSRGFGFVTYATVEEVDAAMNARPHK  78 
2) 1        ---MEREKEQFRKLFIGGLSFETTEESLRNYYEQWGKLTDCVVMRDPASKRSRGFGFVTFSSMAEVDAAMAARPHS  73 
3) 1   [23]EGHDPKEPEQLRKLFIGGLSFETTDDSLREHFEKWGTLTDCVVMRDPQTKRSRGFGFVTYSCVEEVDAAMCARPHK  99 
4) 1        -ME---NS-QLCKLFIGGLNVQTSESGLRGHFEAFGTLTDCVVVVNPQTKRSRCFGFVTYSNVEEADAAMAASPHA  71 
5) 1        -MS-EME--KLCKLFVGGLNVQTTNDGLRSYFEQFGNLTDCVVVQNDQLQRSRCFGFVTYSTSEEADAAMAARPHV  72 
6) 1        -MTAQMEN-QLCKLFVGGLNVQTTDDGLRNHFEQYGKLTDCVVVQNQQLKRSRCFGFVTYSSPDEADSAMSARPHI  74 
7) 1   [22]EGQ-PREPEQLRKLFIGGLSFETTDDSLRAHFEQWGTLTDCVVMKDPNTKRSRGFGFVTYSSVDEVNASMDARPHK  97 
8) 1   [ 3]EQQTPREPEQLRKLFIGGLSFETTDESLRAHFEQWGTLTDCVVMRDPNTKRSRGFGFVTYSSVGEVDAAMDARPHK  79 
 
1) 79   VDGRVVEPKRAVSREDSQRPGAHLTVKKIFVGGIKEDTEEHHLRDYFEQYGKIEVIEIMTDRGSGKKRGFAFVTFDDHDS  158 
2) 74   IDGRVVEPKRAVAREESGKPGAHVTVKKLFVGGIKEDTEEHHLRDYFEEYGKIDTIEIITDRQSGKKRGFGFVTFDDHDP  153 
3) 100  VDGRVVEPKRAVSREDSVKPGAHLTVKKIFVGGIKEDTEEYNLRDYFEKYGKIETIEVMEDRQSGKKRGFAFVTFDDHDT  179 
4) 72   VDGNTVELKRAVSREDSARPGAHAKVKKLFVGGLKGDVAEGDLIEHFSQFGTVEKAEIIADKQSGKKRGFGFVYFQNHDA  151 
5) 73   VDGKNVEVKRAVAREDAGRPEALAKVKKIFVGGLKDDIEEKDLTEFFSQFGMIEKSEVITDKDTGKKRGFGFVHFEDNDS  152 
6) 75   LDGNNVELKRAVAREDAGKPEALAKVKKIFIGGLKDDIEEDHLRDCFSQFGAVEKAEVITDKETGKKRGFGFVYFEDNDS  154 
7) 98   VDGRLVEPKRAVSREDSSKPFAHTTVKKIFVGGIKDDTEENHLRDYFDQFGKIEVVEIMVDHKTGNKRGFAFVTFDDHDS  177 
8) 80   VDGRAVEPKRAVSREDSSKPGAHSTVKKMFVGGIKEDTDEEHLREYFGQFGKIDEVNIMTEKNSDKRRGFAFITFDDHDA  159 
 
1) 159  VDKIVIQKYHTVNGHNCEVRKALSKQEMASASSSQRGRSG-SGnfgGgRGGGFG-----GND-NFGRGGNFSgrGGFGGS  231 
2) 154  VDKIVLQKYHTINGHNAEVRKALSRQEMQEVQSSRSGR-----------GGNFGFgdsRGGGGNFGPGPGSNfrGGSDGY  222 
3) 180  VDKIVVQKYHTINGHNCEVKKALSKQEMQSAGS-QRGRGGgSGnfmG-RGGNFG-----GGGGNFGRGGNFGgrGGYGGG  252 
4) 152  ADKAAVVKFHPIQGHRVEVKKAVPKEDIYS------------------GGGGGGSrssRGGRGGRGRGGGRD----QNGL  209 
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5) 153  ADKAVVLKFHMINGHKVEVKKALTKQEIQA------------------AGGARGG---RG-RGG-GRGMGRN----QNGF  205 
6) 155  ADKAVVLKFHMINGHKVEVKKALTKQEMQA------------------AGSRGGG---RGGRGG-GRGMGRP----QNGY  208 
7) 178  VDRIVIQKYHTVNGHNCEVRKALSKQEM----ANTGRGGGgGG---GgGGGNFN-----RYGN----NGGYN--NDFGGG  239 
8) 160  VDRIVIQKYHTVNGHNCEVRKALSREGMNRVSMNSRGGRGgGG---GsGGGNFG-----RGGG--GGGGGYG--GGYGGG  227 
 
1) 232  RG-G--GGY-gGSGDGYN-GFGND--GSNF-GGG------------   ---------------------    ------  257 
2) 223  GS---GRGF----GDGYN-GYGGGpgGGNF-GGSPGYGG--gRGGY   GGGGPGYGNQGGGYGG--GYD    NYGGGN  282 
3) 253  GG-GsRGSY-gGGDGGYN-GFGGD--GGNY-GGGPGYSS---RGGY   GGGGPGYGNQGGGYGGggGYD[ 6]NFGGGN  322 
4) 210  SK---GGGG------GYN-SYG-------------GYG-----GGG   ---GGGYNAYGGGGGG----S    SYGGSD  247 
5) 206  GG---GRGG------GYG-GYGGGygGGYG-GNDGGYGGsygSGGY   ---GGGYGGGYGGGYG----E    QMGGYG  260 
6) 209  GG----RGG------GYG-NYGG---GGYG-GND-GYG-----GGY   ---GGGYGGGYGGGYG----D    QMEGYG  253 
7) 240  GGgGnRDGYfgRGGRGNNfGGGGG--GGGYgGGGDCYNN---NNGF[5]GGGGGNGGGSPGNYGGnrGY-[15]GYGGGN  326 
8) 228  GGrGgGGGY--GGGDGYN-GYGGG--NGGYgGGGPNYGG---NRGY[4]GGGGGGYGNQGGGYGGggGYD[14]NFGGGN  310 
 
1) 258  ----GSYNDFGN-YN-NQSSNFGPMKGGNF------GG-RSSG--    PYG[12]GG-YGG-S-SSS-----------    311 
2) 283  YGS-GNYNDFGN-YN-QQPSNYGPMKSGNF------GGsRNMGG-    PYG    GGNYGPGGSGGS-----------     332 
3) 323  YGGgGNYNDFGN-YSgQQQSNYGPMKGGSF------GG-RSSGS-    PYG    GG-YGS-G-GGS-----------     370 
4) 248  YGN--GFGGFGS-YS-QHQSSYGPMKSGGGgggG--GS--SWGGR    --S    NSGPYRGGYGG----GGGYGGSS[1] 305 
5) 261  GGN--DYSDFGSgYG-QQSSGYGPMK-------G--GN--TYGGR    --S    GAPYPRGGGGGPgygRGGYGG-Y     314 
6) 254  GGN--GYNDFGSgYG-QQSSGYGPMK-------G--N----YSGR    --S    NAPYSRGGGGG-gygRGGYGGSY     305 
7) 327  SGGgG-----GG-YNnYNNGN-GNFGGGNFgggGggGG-NSGGGG[16]PMK    GN-FGGGG-RNSgpyGGGYGGGS[7] 410 
8) 311  FGGgGDYNDFGN-YNnQSSSNYGPMKGGNYgggGggGG-RSGGG-    PYG    GG-YGGGS-GG----GGGYGGGS[4] 376 
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1) 312  SSYGSG---RRF  320 
2) 333  GGYGGRs---RY  341 
3) 371  GGYGS----RRF  378 
4)     ------------   
5)     ------------   
6)     ------------   
7) 411  SGYGGGsggRRF  422 
8) 377  GGYGGGsggRRF  388 
 
Figure 6.4. Comparison of human and zebrafish hnRNPs. 1) human hnRNP A1 isoform a (NP_002127.1); 2) human hnRNP A2/B1 isoform A2 
(NP_002128.1); 3) human hnRNP A3 (NP_919223.1); 4) human hnRNP A0 (NP_006796.1); 5) zebrafish hnRNP A0314 (NP_999871.1); 6) zebrafish 
hnRNP A0305 (NP_997810.1); 7) zebrafish hnRNP A1422 (NP_956398.1); 8) zebrafish hnRNP A1388 (NP_956789.1); Grey shade: RRM regions; R: 
Dimethylated arginine sites. 
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7.1. Discussion 
 
This study has identified several zebrafish orthologs of mammalian hnRNPs with the 
exception of A2, confirming an earlier bioinformatic study (Akindahunsi et al., 2005). 
The fish has unique hnRNP A1 and A0 isoforms, which share primary sequence 
similarity with human A1b and secondary structural similarity with part of human A2, 
respectively. This suggests that the zebrafish A1 and A0 orthologs may have additional 
roles that include those functions contributed by hnRNP A2 in non-fish species. 
A previous bioinformatic study showed that zebrafish and other fish species share 
several orthologs with the mammalian hnRNP A/B proteins including A1, A3, A0 and 
type AB, but not A2 (Akindahunsi et al., 2005). To determine which of the zebrafish 
hnRNP orthologs is functionally equivalent to human A2, I compared the hnRNP 
orthologs of zebrafish with human at the level of the primary sequence and secondary 
structure as well as post-translational modification sites to look for possibilities of 
shared common features. In this study, I discovered two hnRNP A1 proteins in 
zebrafish, encoded by different genes, both with high similarity to the primary structure 
of the glycine-rich domain (GRD) of human A1b, which is a minor form in other 
vertebrates. The available data suggests that the zebrafish A1s are functional orthologs 
of human A1b and it is expected that further investigation will provide an improved 
understanding of the other vertebrate orthologs and their evolutionary relationships. I 
expect that an advanced investigation of post-translational modification sites, especially 
within the GRD of zebrafish hnRNP will be useful to find orthologs which play an 
equivalent role of human hnRNP A2. 
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In order to characterize the hnRNPs A1422 and A1388 transcripts, I used Northern 
blotting, as Cartealy had done in previous work in our laboratory to detect the transcript 
of hnRNP A1422.However, I was unable to show that hnRNP A1388 was encoded by a 
single copy gene using Southern and Northern blot experiments. In addition, whole 
mount in situ hybridization of both hnRNP A1422 and hnRNP A1388, did not show any 
apparent differences in the expression pattern of the A1 isoforms. Nevertheless, 
whole-mount in situ hybridization did reveal that zebrafish hnRNP A1 may have critical 
roles during early embryogenesis as both A1s are expressed in early embryogenesis, and 
localized to the brain and notochord at subsequent stages. Since RNA-binding proteins 
including the hnRNPs and SR proteins are reported to have critical roles in RNA 
stability (Dean et al., 2004) and RNA transport during early developmental stages and 
participate in the formation of the central nervous system (Dichmann et al., 2008), it is 
likely that the zebrafish hnRNP A1s also play an important role in early developmental 
stages. 
Quantitative differences at the protein level of hnRNP expression were observed at the 
different developmental stages (see Fig. 5.2b). The levels of these hnRNPs were higher 
in day 1 and 3 embryos than day 2 embryos. Two zebrafish A1s were detected by the 
mass spectrometry: one with 422 amino acid residues and the other with 388 residues 
with high frequency in day 1 and day 3 embryos. This observation suggests that the 
different expression levels of the hnRNPs may indicate functional differences during 
these early developmental stages of the zebrafish embryo. To support this observation, 
hnRNP A1 has been shown to be expressed at an early embryonic to adult stage in 
Xenopus laevis (Kay et al., 1990). 
In addition to the hnRNP A1s, plentiful amounts of type AB proteins with a similar 
 
 
102 
protein structure to the hnRNP D subfamily were also detected in the mass spectrometry 
experiments on zebrafish embryos. This is not unique as homologs of the type AB 
proteins have been identified in Xenopus where they are expressed at early embryo 
stages and have critical roles in neural crest development (Yan et al., 2009). The 
complex with type AB proteins and their target RNAs are thought to participate into 
nucleocytoplasmic shuttling activity during oogenesis (Kroll et al., 2009). 
When the protein structures between zebrafish and human hnRNPs are compared, they 
share common features in secondary structure and post-modification sites. Both 
zebrafish and human hnRNPs have characteristic Ω loop sequences in their glycine-rich 
domains, with post-translational modification sites such as methylated arginines. In this 
study, I detected two methylated arginines located at the carboxyl terminal of the GRD 
of zebrafish hnRNP A0; one of which is conserved in human A0. These modification 
sites are distinguishable from those present in the hnRNPs A/B (Friend et al., 2013) in 
humans and suggest that the different post-translationally modified sites may play 
different roles in these hnRNPs. There are some reports that human hnRNP A0 
participates in the target RNA stabilization (Dean et al., 2004), forming a complex with 
inflammatory mediators to regulate the following cellular cascades (Rousseau et al., 
2002). Similarly, the unique modification sites on zebrafish A0 may also be indicative 
of roles that distinguish A0 from other hnRNPs. These roles may include target RNA 
stabilizing (Dean et al., 2004) and post-translational regulation (Rousseau et al., 2002). 
A comparison of the secondary structure of zebrafish A0 with human hnRNPs revealed 
that zebrafish A0s share the Ω loop structural motif with human A2 in the 
carboxyl-terminal region of the GRD. It is not known if the similarities of the Ω loop 
motif relates to a common function of these proteins as this remains to be 
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experimentally tested. Additional support for the idea that the zebrafish A0s perform A2 
functions in fish comes from the observation that the linker region of A0 between 
RRM1 and RRM2, which is known to mediate target RNA affinity (Xu et al., 1997), is 
more similar to human A2 than other human hnRNPs. This suggests that zebrafish A0s 
may have target RNAs in common with human A2 and thereby perform the roles of A2 
in fish. Zebrafish A0s also share similarity with human A2 in the M9 region of the GRD. 
The M9 region provides a nuclear import signal and is recognised by proteins which 
regulate the cellular distribution of M9-containing proteins (Siomi and Dreyfuss, 1995). 
An alignment of zebrafish A1s with human A0 revealed a common distinguishing 
phosphorylation site at Ser-84 (Rousseau et al., 2002, Rikova et al., 2007) in the linker 
region between RRMs. Since this modified residue is associated with RNA binding it 
suggests that the zebrafish A1s are similarly regulated and that this residue may 
determine its cellular localization. Taken together, the observations from this study 
suggest several zebrafish orthologs share structural and functional common features 
with human orthologs and that more than one of the zebrafish orthologs fulfils the role 
of human A2 in fish. Although the post-translational modification sites of zebrafish 
hnRNPs A/B are still uncertain, investigation of these orthologs may provide further 
functional understanding of minor hnRNPs in human and other vertebrates. 
 
7.2. Conclusion 
 
The zebrafish expresses the vertebrate hnRNP orthologs for A1, A3, A0 and AB, but 
not the ortholog corresponding to mammalian hnRNP A2. It is not yet clear which of 
the hnRNPs expressed in zebrafish undertakes the functions of A2 in fish. Zebrafish has 
 
 
104 
two hnRNP A1 isoforms that have a high level of similarity with human hnRNP A1b. 
The similarity between human A1b and zebrafish A1s are characterized by the primary 
structure of their GRD although the zebrafish A1s have larger glycine loops compared 
to those of human. It may be that the zebrafish A1s have different or additional 
functions from their human counterparts and need a more flexible GRD in order to bind 
different targets and to form a less compacted structure. 
As there are common features between the glycine-rich domains of human A2 and 
zebrafish A0s, it is thought that the zebrafish A0 isoforms may perform similar roles to 
that of human A2 and bind to common RNA targets. The similarity of secondary 
structures and post-translational modifications suggests that they may have common 
targets and participate in stabilizing, cell metabolizing and cellular distribution of these 
target mRNAs. Since there are no orthologs of A2 in zebrafish, further investigation of 
post-translational modifications of the hnRNPs are still needed to ascertain function of 
the modified residues. Both zebrafish A1s are most similar to human hnRNP A1b, yet 
this is the minor form in human and other higher vertebrates. Remarkably, whereas 
zebrafish A0s are also abundantly expressed, the A0s of human and other vertebrates 
are expressed at very low levels, if at all. Further work is needed to find out why these 
isoforms appear to be more abundant in zebrafish. That investigation will contribute to 
more understanding of minor forms of hnRNPs in human and other vertebrates. 
The expression of both zebrafish hnRNP A1s was apparent throughout the early 
embryonic stages and up to 3-day old larvae, although the expression of hnRNP A1 
differed depending on the developmental stage. The differences in protein levels of the 
A1 isoforms in different embryo stages suggest distinctive roles including cellular 
division, differentiation and organogenesis at each developmental stage during 
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embryogenesis (Kimmel et al., 1995). Although there were no significant differences in 
their expression pattern throughout the different developmental stages, both A1s are 
considered to have important roles in embryogenesis. They are believed to be essential 
for central nervous system development as both A1s were expressed in the early embryo 
and localized to the developing brain and notochord. 
 
7.3. Future directions 
 
To clarify the characteristic functional differences between A1422 and A1388, one of the 
effective tools has been to employ a knocking down approach by morpholino injection. 
Morpholinos are stable anti-sense oligomers which have high binding specificity to a 
target RNA and have been widely utilized for knock-down experiments in vivo (Corey 
and Abrams, 2001, Summerton, 2007). In previous work done in our laboratory, 
Cartealy knocked-down A1422 mRNA and showed 3 abnormal phenotypes – (Class 1: 
undeveloped and irregular body axis; Class 2: kinked body and disorganized somite; 
Class 3: lack of mid brain–hind brain boundary) (Cartealy, 2008). It is possible that a 
similar phenotype may be seen from knocking down A1388 due to the similarities in 
expression of A1422 and A1388; both of which are highly expressed in the central 
nervous system. Any distinction in function between A1422 and A1388 may be 
ascertained by using isoform-specific morpholinos. Such an approach was used by 
Tsend-Ayush et al to reduce Rbmx (hnRNP G) levels in 24hpf to 48hpf zebrafish 
embryos, which resulted in brain defects and impaired axial muscles (Tsend-Ayush et 
al., 2005). Similarly, observation of different developmental-stage morphants using 
isoform-specific morpholinos will elucidate any specific roles of the zebrafish hnRNP 
 
 
106 
A1 isoforms. In addition to the stage differences of the A1s, any differences in their 
expression levels may also help to understand their specific roles. The mass 
spectrometry data showed that, peptides from A1388 were present at higher levels than 
those of A1422 in all development stages. Therefore, a quantitative analysis of 
A1-derived peptides would be useful for a future investigation into their expression 
differences and function during the different developmental stages. 
Since I could not detect any RGG peptides of zebrafish A1, due to a lack of a sufficient 
material for mass spectrometry analysis, I was unable to investigate post-translational 
modifications of its arginines. Instead, I obtained sequences containing the methylated 
arginine sites present in zebrafish A0. In an earlier study, Shen et al. over-expressed the 
yeast arginine methylase (Hmt1p) and showed that methylated hnRNPs with structural 
features in common with human hnRNP A1 accumulated in the cytoplasm and 
enhanced the export of target mRNAs (Shen et al., 1998). In contrast, a recent study 
using HeLa cells showed that arginine methylation of hnRNP A2 did not directly 
govern its localisation (Friend et al., 2013). Functional investigations such as these on 
zebrafish hnRNPs will provide further understanding of the regulation of subcellular 
localization and role of zebrafish hnRNPs. Further investigation of modification sites in 
zebrafish A0s, which share some common conserved structure with human A2, will 
contribute to understanding the functional diversion of zebrafish hnRNPs. In addition, 
several fish species including medaka, southern platyfish and coelacanth also have 
A0-like proteins with primary sequence and share secondary similarity to zebrafish A0. 
Further investigation on A0 and A0-like proteins may provide additional insights into 
their evolutionally relationships, any novel functions and on any differences from that 
of human and other vertebrates. These studies may help clarify the role of A0 and 
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A0-like proteins in fish and provide an explanation on why the A2 isoforms do not 
appear in these species. 
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Appendices 
 
Alignment Zeb A1 mRNA for designing primers 
CLUSTAL 2.1 multiple sequence alignment 
 
Sequence 1: |NM_200104.1|hnRNP_A1_422  1646 bp 
Sequence 2: |NM_200495.1|hnRNP_A1_388  1513 bp
 
hnRNP_A1_422      GCATTTGTGGTTCAGTGGTAGAATTCTCGCCTGCCACGCGGGAGACCTGG 
hnRNP_A1_388      -------------------------------------------------- 
 
hnRNP_A1_422      GTTCGTTTCCCGGCCAATGCACCAGTCTCACCGACAAGCGTGTGGCGTAG 
hnRNP_A1_388      -------------------------------------------------- 
 
hnRNP_A1_422      CACGGACAGAAATAGTCGGTAGG--ATGTCCAAAGAGGGCCAG---CCAC 
hnRNP_A1_388      ----GTTAGTCACCGCGTGACCGCCATGTCCAAAGAGCAACAGACCCCTC 
                         *   **  *  *    *    *  ************   ***    ** * 
 
hnRNP_A1_422      GTGAGCCAGAGCAGCTGCGGAAGCTCTTCATTGGAGGGCTCAGCTTTGAG 
hnRNP_A1_388      GTGAGCCCGAGCAGCTCCGAAAGCTGTTCATCGGGGGCCTCAGTTTCGAG 
                    ******* ******** ** ***** ***** ** ** ***** ** *** 
 
hnRNP_A1_422      ACCACAGACGATAGTTTAAGGGCACACTTTGAACAATGGGGCACCTTAAC 
hnRNP_A1_388      ACGACAGATGAGAGTCTGAGGGCCCATTTCGAGCAATGGGGAACCCTCAC 
                    ** ***** ** *** * ***** ** ** ** ******** *** * ** 
 
hnRNP_A1_422      AGATTGTGTGGTGATGAAAGATCCAAACACAAAGCGCTCCAGGGGCTTTG 
hnRNP_A1_388      AGACTGTGTGGTGATGAGGGACCCCAATACAAAGAGGTCGAGGGGATTTG 
                    *** *************  ** ** ** ******  * ** ***** **** 
 
hnRNP_A1_422      GGTTTGTTACTTACTCCAGTGTGGATGAAGTCAATGCCTCTATGGATGCA 
hnRNP_A1_388      GCTTCGTCACCTACAGTTCAGTGGGTGAAGTAGACGCAGCGATGGACGCA 
                     * ** ** ** ***       **** ******   * **  * ***** *** 
 
hnRNP_A1_422      CGTCCTCACAAGGTCGATGGTAGACTTGTAGAGCCCAAACGAGCCGTGTC 
hnRNP_A1_388      CGTCCCCACAAAGTCGACGGACGGGCTGTTGAACCCAAGAGGGCCGTGTC 
                    ***** ***** ***** **  *    *** ** *****  * ******** 
 
hnRNP_A1_422      TAGAGAGGATTCCAGCAAACCATTTGCTCACACAACTGTGAAGAAGATTT 
hnRNP_A1_388      TAGAGAAGACTCGTCCAAGCCAGGCGCTCACTCCACTGTTAAAAAGATGT 
                     ****** ** **    *** ***   ****** * ***** ** ***** * 
 
hnRNP_A1_422      TCGTGGGAGGCATCAAGGATGATACAGAGGAGAACCATCTACGCGACTAC 
hnRNP_A1_388      TTGTGGGTGGAATCAAAGAGGACACGGATGAGGAACACTTGCGCGAGTAC 
                    * ***** ** ***** ** ** ** ** *** * **   * ***** *** 
 
hnRNP_A1_422      TTCGATCAGTTTGGAAAGATTGAGGTTGTTGAGATAATGGTTGACCACAA 
hnRNP_A1_388      TTCGGCCAGTTTGGTAAGATTGACGAGGTGAACATCATGACTGAGAAGAA 
                    ****  ******** ********  *  **  * **  ***  ***   * ** 
 
hnRNP_A1_422      GACCGGAAATAAAAGAGGCTTTGCCTTCGTCACATTTGATGACCATGACT 
hnRNP_A1_388      CAGCGATAAGAGGAGGGGCTTCGCCTTCATCACCTTCGATGACCACGATG 
                      * **  **  *  ** ***** ****** **** ** ********  **  
 
hnRNP_A1_422      CTGTTGACCGTATCGTCATTCAAAAGTACCACACTGTGAATGGACACAAC 
hnRNP_A1_388      CCGTCGACAGGATTGTCATTCAGAAGTACCACACGGTGAACGGCCACAAC 
                     * ** *** * ** ******** *********** ***** ** ****** 
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hnRNP_A1_422      TGTGAAGTCCGAAAAGCTCTTTCAAAACAAGAAATGGCAAACACTGGTCG 
hnRNP_A1_388      TGTGAAGTCAGGAAAGCTCTGTCTAGAGAGGGGATGA-ATAGAGTGTCCA 
                     ********* * ******** ** * * * *   ***  * * * **  *  
 
hnRNP_A1_422      TGGTGGTGGTGGTGGAGGCGGCGGCGGTGGAGGAAACTTCAACCGATATG 
hnRNP_A1_388      TGA-ATTCACGG-GGAGGCCGAGGAGGCGGTGG---------------TG 
                     **    *   ** ******  * ** ** ** **                 ** 
 
hnRNP_A1_422      GCAATAATGGTGGCTACAATAATGACTTTGGAGGTGGCGGTGGAGGTGGC 
hnRNP_A1_388      GCAGCGGCGGTGGAAACTTTGGTAGAGGAGGAGGTGGTGGTGGTGGAGGA 
                    ***      *****  **   *  *        ******** ***** ** **  
 
hnRNP_A1_422      AACCGTGATGGATATTTTGGAAGAGGAGGAAGAGGAAATAACTTTGGAGG 
hnRNP_A1_388      TACGGAGGTGGATATGGAGGAGGTGGTGGAAGAGGA-------------- 
                     ** * * *******    *** * ** *********                  
 
 
hnRNP_A1_422      TGGTGGTGGCGGCGGTGGCTATGGAGGAGGCGGTGACTGCTACAACAACA 
hnRNP_A1_388      -------GGCGGTGGAGGATACGGTGGAGGCGATG---GATATAACGGCT 
                             ***** ** ** ** ** ******* **   * ** ***   *  
 
hnRNP_A1_422      ACAATGGATTTGGAGGAGGTGGCTACGGCGGTGGTGGCGGCAATGGTGGT 
hnRNP_A1_388      ATGGTGGA---GGAAATGGCGGCTATGGTGGAGGCGGTCCTAATTATGGT 
                     *    ****   ***    ** ***** ** ** ** **     ***  **** 
 
hnRNP_A1_422      GGCAGTCCTGGCAACTATGGAGGCAACCGTGGATATGGAGGAGGCGGTGG 
hnRNP_A1_388      GGTAACCGTGGTTAC------GGCAGTGGTGGGGGTGGAGGCGGCGGTGG 
                    ** *  * ***   **       ****    ****   ****** ******** 
 
hnRNP_A1_422      AGGAGGACATGGTTATGGCAACCAGGGAGGAGGCTATGGTGGTGGCAACA 
hnRNP_A1_388      ------------CTATGGAAACCAGGGTGGCGGCTATGGTGGCGGC---- 
                                    ***** ******** ** *********** ***     
 
hnRNP_A1_422      GTGGTGGCGGTGGTGGTGGCTATAATAACTACAACAATGGCAATGGAAAC 
hnRNP_A1_388      --------------GGCGGCTATGATAACTACAACAA---CAATGG---- 
                                     ** ****** *************    ******     
 
hnRNP_A1_422      TTTGGAGGTGGTAACTTTGGAGGTGGTGGTGGTGGTGGCGGCAACAGTGG 
hnRNP_A1_388      --TGGTGGTGGTGGAGGAGGAGGAGGCAACTTTGGAGGAGGAAACTTCGG 
                       *** ******        ***** **       *** ** ** ***   ** 
 
hnRNP_A1_422      AGGAGGTGGAAACTACAATGACTTCGGCAACTATAATAGCCAGCAGTCC- 
hnRNP_A1_388      AGGTGGCGGAGACTACAATGACTTTGGAAACTACAATAATCAATCTTCCT 
                     *** ** *** ************* ** ***** ****   **    ***  
 
hnRNP_A1_422      --AACTATGGTCCCATGAA---AGGGAACTTTGGAGGCGG---------- 
hnRNP_A1_388      CTAACTACGGCCCAATGAAGGGAGGAAACTATGGCGGCGGCGGAGGTGGT 
                       ***** ** **  *****   *** **** *** *****             
 
hnRNP_A1_422      --TGGAAGAAACAGTGGC---CCATATGGTGGTGGCTATGGAGGTGGATC 
hnRNP_A1_388      GGTGGAAGGAGCGGTGGTGGACCATATGGTGGTGGCTATGGAGGAGGCTC 
                       ****** * * ****     *********************** ** ** 
 
 
hnRNP_A1_422      TAG---------TGGTAGTGGAGGAGG---CGGCAGTGGT---------T 
hnRNP_A1_388      TGGAGGAGGTGGTGGTTATGGAGGAGGATCTGGTGGTGGTGGTGGAGGAT 
                     * *           ****  *********     **  *****           * 
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hnRNP_A1_422      ATGGAGGTGGCTCTGGCGGTAGACGGTTTTAAGCTTAAAGGACTG-AGTG 
hnRNP_A1_388      ATGGCGGAGGCTCTGGCGGACGGAGGTTTTAGATTCCAAGGGATATAATG 
                    **** ** ***********   *  *******    *  ****  *   * ** 
 
hnRNP_A1_422      ------CTTTAGGAGAG-GAGAGCGAGAGAGGTGAC--AGGGCAGATGCA 
hnRNP_A1_388      GCTGGATTTTATACCTGTGGGACCGAGCAAACTTACCAAGGGCTGGTGGT 
                             ****         * * *****      * **  ***** * **   
 
hnRNP_A1_422      GGTTTACGTC--CCTAGATCTGCTCAGCCAAACAGGTGTGGCAGATTTA- 
hnRNP_A1_388      CTTGAAGGGTAGCTAAAAGCTGTGCAATCTCGCAACCCTGAATGACAAAG 
                       *  * *     *  * * ***   **  *    **    **    **   *   
 
hnRNP_A1_422      CAGCTGCCACCAGAAGAAGTGTACAGTAGCGCTATCGTG---TGTGGGAC 
hnRNP_A1_388      CAGCTGC-ACAAGCTTTTAAACGTTGTGTTTTTATTGAGACTTGTGCTGT 
                     ******* ** **               **     ***    *    ****     
 
hnRNP_A1_422      ATCATGAATTTGTCATCATGCAGATT-TATTTTATATTGTCTTTGGGGAA 
hnRNP_A1_388      TTTACCCATGATTGAAGATGGACAGAATATTTCAAATGGTTATCAGAACA 
                     * *    **   * *   ***    *   ***** * ** **  *   *    * 
 
hnRNP_A1_422      AAGCATTCCAATGAGGTTTTATGTAGAGTTCCTTTCAGTTGTTTTTATTT 
hnRNP_A1_388      TGGAG---CAAAAGCAGCTGCTGGACAGCCTTTTACACAGTCTTTTTTTT 
                       *      ***         *  ** * **     ** **      **** *** 
 
hnRNP_A1_422      ATGTAACCAATCAAGGTGAAATAAAAACATCATTTTGTTTTTTTAAAAAA 
hnRNP_A1_388      AAAGTACTTTTTACTGCATTTTAATAATAAAAGTTACAAACATTAAAAAA 
                    *     **   * *   *      *** ** *  * **         ******** 
 
hnRNP_A1_422      AAAAAAAAAA- 
hnRNP_A1_388      AAAAAAAAAAA 
                     **********  
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Sup-Fig 1. Coomassie Blue 2D-PAGE gels of 24 hpf pull-downs. The pull-down proteins were 
extracted each time from zebrafish whole cell lysate on different days. Corresponding spots on 
gel (A-D) were collected to scale up for identification using MS. Each of the spots on gel (E) was 
subjected to MS analysis individually. 
 
Sup-Table 1. MS result of protein spots on gel A-D 
Spot% hnRNP% Protein%hits% Size%
24h#1% A1(zgc:%66127;202)% % E7FAB3/zgc:%66127;202% 411aa%
 % A1%(422aa)% F1QFV2% 403aa%
24h#2% A1(%zgc:%66127;202)% % E7FAB3/zgc:%66127;202% 411aa%
 % A1%(422aa)% F1QFV2% 403aa%
24h#3% A1%(zgc:%66127;202%)% E7FAB3/zgc:%66127;202% 411aa%
% A1%(422aa)% F1QFV2% 403aa%
 % Uncharacteised%protein%(similar%to%A3)% B0V1I6% 234aa%
24h#4% AB% Q6NYU8% 340aa%
24h#5% AB% Q6NYA1% 309aa%
24h#6% AB% Q6NYA1% 309aa%
24h#7% AB% Q6NYA1% 309aa%
24h#8% A0%like% Q6P113% 299aa%
 % AB% Q6NYA1% 309aa%
24h#9% A0%like% Q6P113% 299aa%
24h#10% A0%like% Q6P113% 299aa%
24h#11% A0%like% Q6P113% 299aa%
% A0% % F1QTL9/Q6NYW8% 314aa%
 % A0% % F1QS28% 305aa%
24h#12% A0% F1QTL9/Q6NYW8% 314aa%
 % A0% % F1QS28% 305aa%
24h#15% A1%(zgc:%66127;202)% E7FAB3/zgc:%66127;202% 411aa%
 % A0% % F1QTL9/Q6NYW8% 314aa%
24h#16% Uncharacterised%protein% % E7F8J2%  %
24h#17% N%  %  %
 
Sup-Table 2. MS result of protein spots on gel E 
Spot% hnRNP% Protein%hits% Size%
2D#2% N%  %  %
2D#3% N%  %  %
2D#4% AB% Q6NYA1% 309aa%
2D#5% N%  %  %
2D#6% AB% Q6NYA1% 309aa%
% A0% F1QTL9% 314aa%
 % A0%like% Q7ZU48% 299aa%
2D#7% A1%(zgc:66127)% E7FAB3% 411aa%
% A0% F1QTL9/Q6NYW8% 314aa%
% A0% F1QS28/Q6NYB0% 305aa%
 % A0%like% Q6113% 299aa%
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Sup-Fig 2. Coomassie Blue 2D-PAGE gels of 72 hpf pull-downs. The pull-down proteins 
were extracted from 72 hpf stage lysate at the same time and subjected to each 2D separation. 
Corresponding spots were collected and identified by using MS. 
 
Sup-Table 3. MS result of 72 hpf pull-downs. 
Spot% hnRNP% Protein%hits% Size%
72h#1% A1%(zgc:%66127;202)% E7FAB3/zgc:66127;202% 411aa%
72h#3% N%  %  %
72h#4% AB% Q6NYU8% 340aa%
72h#5% N%  %  %
72h#6% AB% Q6NYA1% 309aa%
72h#7% N%  %  %
72h#8% A0%like% Q6P113% 299aa%
72h#9% A0%like% Q6P113% 299aa%
72h#10% A0%like% Q6P113% 299aa%
72h#11% A0% % F1QTL9/Q6NYW8% 314aa%
% A0%like% Q6P113% 299aa%
 % Uncharacterised%protein% % F1QA99%  %
72h#12% % A0% F1QLT9/Q6NYW8% 314aa%
 % A0%like% Q6P113% 299aa%
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72h#13% N%  %  %
72h#14% N%  %  %
72h#15% N%  %  %
72h#16% N%  %  %
72h#17% A0%like% Q6P113% 299aa%
72h#18% A0% % F1QS28/Q6NYB0% 305aa%
% % A0% % F1QLT9/Q6NYW8% 314aa%
 
 
 
 
 
